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ABSTRACT 
knumber of ion-selective electrode membranes have been 
investigated using a. c. impedance measurements. Membranes 
containing the antibiotic valinomycin have been studied in both 
liquid and PVC matrix form, and dibenzo-18-crown-6,21212- 
cryptand, and a new ionophore, COD-I were investigated in Pvc 
membranes. The effects of incorporating various levels of 
tetraphenylborate into the membranes were also investigated. 
For both liquid and PVC membranes, measurements were made 
using a four-electrode system, allowing the impedance of the 
membrane alone to be determined, without contributions from the 
cell and current-carrying electrodes, and potentiometric data 
were also obtained for all membranes to establish the degree of 
cation selectivity, and the extent of anion exclusion. A 
computer-controlled measuring system, and associated software 
was developed, to allow repeated, and accurate measurement of 
the impedance over long time periods. 
The rate of exchange between the membrane and aqueous 
solutions was determined for the primary ion, potassium, and the 
major interferent, sodium, and relative mobilities of species 
within the membrane were calculated. The impedance behaviour of 
PVC membranes was also studied prior to contact with aqueous 
solutions, and measurements were made on the individual membrane 
components. 
on the basis of these measurements the mechanism of cation 
selectivity for valinomycin-containing membrane is deduced. For 
liquid membranes a simple exclusion mechanism appears to 
operate, whilst for PVC matrix membranes a more complicated 
mechanism is apparent, in which all types of ion can gain access 
to the membrane, but the ionophore controls the overall 
concentration of the cationic species. For the crown and 
cryptand, which show poorer selectivities, the ion-exchange at 
the membrane/solution interface appears to be hindered, whilst 
the COD-I shows more similarity with valinomycin. 
For both liquid and PVC matrix membranes, the presence of 
negative sites within the membrane was found to be necessary for 
effective anion exclusion. 
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Chapter 1 
Introduction 
l. l. Ion-Selective Electrodes 
Since the 1960s, when a wide variety of new types of electrode became 
available which were selectively responsive to certain ions, ion-selective 
electrodes (ISEs) have become common tools in analytical chemistry and a 
great deal of work is currently being undertaken to investigate various 
aspects of their design, response, and mechanism of operation. This is 
particularly true of electrodes based on neutral complexing agents. 
The work presented here is an investigation of neutral-carrier based 
electrodes using ac impedance measurements in an attempt to gain further 
insight into these factors. 
1.1.1 Introduction 
Ion selective electrodes are electrochemical devices by which the 
activity, and therefore the concentration, of a given chemical species in 
solution (generally an aqueous solution), can be determined by reference to 
a standard solution of the species of known activity. They ccmprise, in 
general, a membrane separating the sample solution (containing the species 
in question at an unknown concentration) and a reference solution of known 
concentration, although in practice the concentration of an unknown solution 
is obtained by comparison with a series of standards, rather than by direct 
comparison with the reference solution. 
In the past electrodes have been classified in a number of ways by 
different workers, including the physical state of the membrane, and its 
supposed mechanism of operation. Originally, the classification was 
generally based on the physical state of the active part of the electrode, 
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i. e. glass, liquid membrane or solid state (1 .1. This type of 
classification is no longer strictly applicable as many . 
electroactive materials can now be incorporated into a variety of 
electrodes in different forms, and in some cases, the physical 
state of the membrane itself is open to argument (e. g. some 
workers refer to electrodes consisting of macrocyclic polyethers 
dispersed in a PVC matrix as a liquid membrane electrode, but 
others would hold that the PVC matrix cannot be treated as a 
liquid phase, and must be considered as a solid state membrane). 
Perhaps the most practical classification is one based on the 
active material and its properties 'alone, and on this basis the 
following divisions are suggested: 
a. Glass electrodes: Selective to cations, they generally 
consist of lithia or aluminosilicate, or special multi-component 
glasses. 
b. Solid State Electrodes: These are based on crystalline 
substances. e. g. single crystals of halides, pressed pellets of 
polycrystalline materials, sintered or cast materials, or 
suspensions of precipitates in polymeric matrices. 
c. Ion-Exchanger Electrodes: These electrodes consist of ionic 
or ionogenic species (e. g. acids, bases or salts) dispersed in an 
organic liquid which is immiscible with water. 
d. Neutral Carrier Electrodes: These electrodes incorporate an 
uncharged complexing agent, which will selectively bind a 
particular ion or group of ions. The membrane may be formed as a 
liquid film (supported or unsupported) or as a doped polymer 
membrane. 
e. Enzyme electrodes: Recently electrodes have been developed 
which are based on the action of an enzyme on a substrate, which 
produces a species which can be detected by a device in one of 
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the above categories. 
Gas sensors: Some gas sensors can be classed as ISEs, where 
a potential response is generated indirectly as in e. above. 
g. ISFETS: Ion-Selective Field Effect Transistors: The gate 
region of a metal oxide semiconductor field-effect transistor 
(MOSFET) is coated with an ion sensitive membrane (usually in the 
form of a polymer matrix), which then affects the current through 
the device, unlike ISEs which show a potentiometric rather than 
an amperometric response. 
The work carried out for this thesis has involved a number of 
neutral-carrier electrodes both in polymer matrix form, and as 
liquid membranes with the active material dissolved in an organic 
solvent. 
number of different cell configurations have been devised 
and used since the first ion-selective electrodes were fabricated 
early in the century, and electrodes are now available which are 
sensitive to a wide variety of chemical species. Thousands of 
papers are published each year reporting new developments in 
ion-selective electrode technology and new electroactive 
materials, and it would be impossible to produce a fully 
comprehensive review of the current state of the art here. A 
number of books have been published covering a wide range of 
different aspects and applications of ion-selective electrodes* 
(1.1-1.15), along with several excellent reviews of current 
literature (1.16-1.24). A brief review of the history and 
development of ion-selective electrodes is given below, with 
particular reference to neutral-carrier ISEs. 
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1.1.2 A Brief History and Perspective 
The first ion-selective electrode to be discovered was the 
glass electrode, first reported by Cremer in 1906 (1.25) and 
later studied by Haber and Klemensiewicz (1.26), which was 
sensitive to the concentration of H+ ions in aqueous solutions. 
The mechanism by which this electrode operates was not at first 
appreciated, and little progress was made in the field of 
ion-selective electrodes until the development of new glasses 
sensitive to a variety of cations including Na+, K+, Ag +, NH 4+ 
T1 +, Li +, and Cs + by Eisenman and co-workers in the late 1950s 
and early 1960s (1.2,1.27,1.28). 
Tendeloo (1.30) unsuccessfully tried to formulate the first 
non-glass ion-selective membranes in 1936 using naturally 
occurring fluorite, finally achieving a calcium sensitive 
membrane in the late 1950s as a result of work with paraffin wax 
membranes incorporating calcium salts (1.31,1.32), but the 
response of the membranes produced was not good (1.33). In 1966, 
Frant and Ross (1.34) published details of a fluoride-selective 
electrode based on, a single crystal of lanthanum fluoride, but it 
was not until the following year that the first commercially 
viable sensor based on a non-glass membrane was produced (1.35). 
This device was sensitive to calcium and was based on a calcium 
salt dissolved in di-n-octylphenylphosphonate. These electrodes 
were followed by similar sensors for other cations and for 
anions, based both on dissolved salts and solid crystals 
(1.33,1.36,1.37), and absorbed onto conducting substrates (1.38). 
Work with neutral carriers commenced with the discovery in 
1955 of valinomycin (1.39), a cyclic depsipeptide antibiotic 
which has the ability to selectively complex potassium ions. 
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Earlier attempts to produce a potassium selective electrode based 
on potassium tetraphenylborate (1.40), and later efforts using 
potassium tetrakis (p-chlorophenylborate) (1.41) were not highly 
successful. The potassium complexation capability of valinomycin 
was first noted in work with lipid bil4yer membranes where 
drastic changes in potassium permeability were found when the 
antibiotic was added to the membrane (1.42). This early work led 
to the production in 1969 of the first ISE based on valinomycin 
(1.43), which proved to have excellent selectivity for potassium 
ions in the presence of sodium, and has yet to be improved upon. 
Other depsipeptides have also been investigated as 
electroactive materials, particularly the enniatins (1.44). 
Apart from these species, several other groups of compounds have 
been found to exhibit metal-ion transport in biological systems 
or selective complexation of metal ions in extraction studies. 
The most widely studied of these are the peptides gramicidin 
(1.45) and alamethicin (1.46), the macrotetralides of the 
homologous nactin series (1.47-1.49), and a series of carboxylic 
acid ionophores including nigericin (1.50,1.50a), monensin 
(1.50), grisorixin, X-206 (1.46), X-537A and A23187 (1.51). The 
latter group differs from all the others in that they form 
neutral complexes with metal ions, i. e. they act as charged 
complexing agents. 
Difficulties of extraction and purification of many of these 
substances have prompted attempts to produce synthetic compounds 
which will exhibit similar ion-binding properties. The first 
such compounds synthesised were a series of cyclic polyethers, 
the so-called crowns, produced by Pederson (1.52,1.53), and, 
since the initial synthesis, all members of the homologous serie., 
from 12-Crown-4 to 30-Crown-10 have been synthesised, along with 
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a whole range of derivatives (1.55), including several attempts 
to bind the polyether ring to a polymer chain backbone (1.56). 
The ion-binding properties of these compounds have been 
investigated by a number of methods, but although providing 
useful information on the structure-selectivity relationship, few 
show high selectivities (comparable to valinomycin) when 
incorporated into ISEs (1.57), although improved results have 
been achieved with bis-(crown) ethers (1.58,1.59). 
Another series of ligands showing promise as electroactive 
materials are the bridged polyamine cryptands (1.60-1.62), and 
other ligands reported include a carboxylic acid polymer (1.63), 
various cyclic peptides (1.64), a large number of acyclic 
compounds produced by Simon et al (1.65), poly-(glycol)s 
(1.66,1.67), and a novel series of compounds-based on THF 
subunits (1-68). 
A full discussion of several of these compounds, which 
exhibit potassium selectivity, is given in Chapter 3, including a 
consideration of the structural aspects of ion-complexation. 
1.2 The ac Impedance Technique 
1.2.1 Introduction 
The use of ac impedance measurements in electrochemistry was 
pioneered by Sluyters (1.69,1.70), since when it has become 
established as a useful tool for the investigation of 
electrochemical systems. The great advantage of impedance 
measurements over other techniques commonly used in 
electrochemistry is that high quality results can be achieved 
using signals of very low amplitude which only cause very small 
perturbations to the system under study. Thus the system remains 
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in the equilibrium state for the particular experimental 
conditions in use, and the results obtained can reliably be 
related to these conditions. The impedance technique also allows 
high precision data to be obtained, as the response to a given 
signal under a fixed set of conditions will be invariant with 
time (notwithstanding the effects of irreversible chemical or 
physical changes) and therefore signals can be averaged over a 
long time period. Another advantage of this method is that the 
magnitude of the perturbing signal is sufficiently small for the 
response of the system to be described in terms of linearised 
equations describing the current-potential relationships. Thus, 
detailed knowledge of the i-E response curve is not required at 
currents and potentials far from the equilibrium position. 
In the following section, the theory of electrochemical 
impedance measurements is covered along with the interpretation 
of the results, and their relation to the actual chemistry of the 
system under study. 
1.2.2 Theory 
A purely sinusoidal voltage can be represented mathematically 
by the expression 
-., e, = E sin(wt) 
where w is the angular frequency (a)=2nf where f is the 
conventional frequency). It is customary when discussing ac 
circuits to picture the voltage as a rotating vector (or phasor), 
of length E, and frequency of rotation w. This is represented 
diagrammatically in Fig 1.1. The variation of the voltage with 
time can be seen by a projection of the vector on to a set of 
axes with time as the abscissa and voltage as the ordinate 
Fig 1.1 Rotating vector (phasor) diagram for an 
alternating voltage. 
7r 
-7r X2 
0 
Fig 1.2 Projection of a rotating voltage vector on to 
co-ordinate axes (abscissa=time, ordinate=voltage). 
V 
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(Fig 1.2). The application of a voltage to an electrochemical 
system gives rise to a sinusoidal current in the cell under test. 
This current can also be represented as a phasor, with the same 
rotational frequency as the applied voltage and both phasors can 
be shown on the same diagram as they both have the same 
rotational frequency. Generally the current will be out of phase 
with the voltage by a certain amount and this is represented by 
the phase angle ((P) between the two phasors. The voltage is 
usually taken as the reference point and 9 is expressed with 
respect to the voltage phasor. 
The current can thus be expressed as 
i=I sin (&)t + (P ) 1.2 
As the phase angle is invariant with time for a voltage of a 
given frequency, it is customary to refer to and represent the 
two quantities i and e as vectors on non-rotating axes (Fig 1.3). 
Fig 1.3 Voltage and current vectors on non-rotating axes. 
If the voltage is applied across a pure resistor, Ohms' law 
applies and the current is therefore given by 
E sin(wt) 1.3 K 
or, using phasor notation 
R 
1.4 
The phase angle between the two vectors is zero and therefore the 
vector diagram is as shown in Fig 1.4. 
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I 
Fig 1.4 Voltage and current vectors with zero phase angle. 
The current in an electrical circuit can be expressed as the 
rate of movement of charge through the circuit, ie 
i=C de 1.5 
If a sinusoidal voltage is applied across a pure capacitor, it 
follows from equations 1.1 and 1.5 that 
Ii=C wEcos(wt) 1.6 
or i=E sin(wt + 1/2) y 
where X is the capacitive reactance, 
X= 1 /WC 
In this case, the current leads the 
vector diagram for this situation is 
conventional to use complex notation 
1 .7 
1.8 
voltage by 7/2 degrees. The 
shown in Fig 1.5. It is 
as the vector diagram now 
represents a plane, thus components along the abscissa are 'real' 
and those along the ordinate are 'imaginary' and are multiplied 
by j (j= V-1). Thus, from equation 1.7, it can be seen that 
ix 1.9 
sin(cat + 17/2) 
or in phasor notation, 
t= -jxi 1.10 
It can be seen from eqns 1.4 and 1.10 that X is expressed in Ohm 
and from eqn 1.8 that the magnitude of X decreases with 
increasing frequency. 
When the sinusoidal voltage is applied across a series 
combination of a resistor and a capacitor, the total voltage drop 
Fig 1.5 Vector diagram with current leading voltage 
by n/2 degrees. 
I 
Fig 1.6 Vector diagram showing the relationship 
between Z, R and j/wC. 
p 
-iI 
(A) 
C 
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across the cell must be equal to the sum of the voltage drops 
across the individual components. Therefore, using phasor 
notation, 
ýr + tc 1 . 11 
iR + i(-jX) 1.12 
i(R -jX) 1.13 
or t iz 1.14 
where Z is the impedance, which links the voltage and current 
vectors and 
jX 1.15 
This is shown diagramatically in Fig 1.6. 
For a parallel combination of resistor and capacitor, the 
impedance can be calculated as follows. 
The voltage drop across the whole network is given by 
equation 1.3, but by Kirchhoff's Laws, 
I tot ý- Ir+Ic1.16 
From equation 1.14 the current through the resistor (Ir ) and 
capacitor (I c) are given 
by E/Z 
r and 
E/Z 
c respectively. 
Thus 
Itot-= E+E1.17 
z 
rc 
E (1/Z 
r+ 
1/z 
C) 
1.18 
As Z= E/I, it follows that 
z= (1/z 
r+ 
1/Z 
C)- 
1 1.19 
=zz1.20 
z+Z 
rc 
Substituting for Zr and ZC from eqn. 1.15, we have 
z=R1.21 
1+ jwCR 
= (1/R + jwC)- 
1 1.22 
The above theoretical treatment and equations relate to the 
tý 
impedance of a system at a single frequency. If the frequency of 
the applied voltage is varied, then the measured impedance will 
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be affected according to the circuit components as described by 
equations 1.15-1.22 above. From eqn 1.15 it can be seen that the 
impedance of a pure resistor is invariant with frequency and so 
if the impedance is measured at a variety of frequencies, and the 
measured value is plotted in the complex plane, the resulting 
vector diagram is a single point lying on the real axis (Fig 
1.7a). Equation 1.15 also shows that the impedance of a pure 
capacitor decreases with frequency so the complex plane plot for 
a capacitor appears as a series of points lying on the imaginary 
axis. Due to the inverse relationship between the impedance and 
the frequency of the applied signal, the data points lie 
increasingly further from the origin as the frequency of the 
measuring signal decreases (Fig 1.7b). 
Eqn 1.15 shows that the impedance of a series combination of 
a capacitor and a resistor is merely the linear combination of 
the two components Zr and Zc, so that the total impedance will 
vary with frequency, but the complex plane plot will look similar 
to that for a pure capacitance. The resistive component merely 
introduces a displacement along the real axis corresponding to 
the value of the series resistor (Fig 1.8a). 
If a parallel combination of a resistor and capacitor are 
encountered, then the total impedance is not a simple combination 
of the two component-impedances. It can be shown that eqn 1.22 
corresponds to the equation for a circle, and so the impedance of 
such a combination is represented by a locus of poi I nts in the 
complex plane, with diameter equivalent to the magnitude of the 
resistive component of the parallel network (Fig 1.8b). The 
impedance behaviour of multiple combinations of these basic 
circuit elements can be treated as a linear combination of the 
separate parallel or series networks as shown in Fig 1.9, 
Fig 1.7a Complex plane impedance plot for a pure resistor. 
Z= Rs 
Rs Z' = Rs 
zil =0 
z, 
Fig 1.7b Complex plane impedance plot for a pure capacitor. 
z,, ' 
- 
11 
7 
wcs 
wc 
cs 
z, 
Fig 1.8a Complex plane impedance Plot for a series 
combination of a resistor and a capacitor. 
zor 
Rs cs 
. 
I 
4 
Rs 
-> zo 
Z= Rs - J/wc s 
Z' = Rs 
Z = j/Wcs 
Fig 1.8b complex plane impedance plot for a parallel 
combination of a resistor and a capacitor. 
z,, 
""""". 
R+i COC)'l 
zi 
Fig 1.9 Complex plane impedance plot for a multiple 
combination of series and parallel networks 
(with equivalent circuit). 
CA C8 
R1 
F- 
z,, 
Wl *= 
1/ 
2 CA 
W2*=l/R3CB 
R3 
11 
R, 11 
R2 
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allowing the values of the individual components to be determined 
from the complex plane plot. 
1.2.2.1 Series and Parallel Components 
Given any series RC circuit, it is possible to calculate the 
values for R and C which would be required to construct a 
parallel RC circuit having the same frequency response. For a 
series circuit of Rs and Cs, the total impedance, Z is given by 
coc 1.23 
coRC -j 
wC (cjRC +i)1.24 
(coRC) 2+1 
and for the equivalent parallel network, Z is given by 
1+ jWC 
p 
1.25 
p 
setting M= (wRC) 
2, 
we have for the series case, 
m jwc 1.26 
R(M +1+ (M +1) 
Equating the real and imaginary components in the two situations, 
we find the following. 
Rp Rs 1.27 
M(M +1 
and CP c 1.28 
(M +1 
1.2.3 Equivalent Circuits 
In a general sense an electrochemical cell will act simply as 
an impedance to a small sinusoidal excitation, and so it is 
reasonable to be able to represent its electrical behaviour by an 
equivalent circuit of resistors and capacitors that pass current 
with-the same amplitude and phase as the real cell under the same 
excitation. 
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When using ac impedance measurements on electrochemical cells 
it is customary to use this approach to construct an equivalent 
circuit of basic electrical components which, if it were 
connected to the measuring system, would produce impedance data 
similar to the data obtained for the real system under test. An 
attempt is then made to assign the various equivalent circuit 
components (resistances, capacitances and inductances) to parts 
of the electrochemical system under investigation. This process 
is usually carried out by visual inspection of the complex plane 
plot although computation of the circuit components by curve 
fitting procedures has been carried out (1.70a-1.70e). 
To construct the equivalent circuit, pure resistances can be 
measured directly from the real axis of the plot, and pure 
capacitance can likewise be calculated from the values of the 
imaginary components with the use of equation 1.15. For 
semicircles in the complex plane, the resistive component of the 
parallel network can be measured directly from the diameter of 
the semicircle on the real axis and the capacitive component can 
be obtained using the expression 
1 /CR 
where is the rotational frequency (2nf) at which the maximum 
point of the semicircle occurs. 
1.2.4 Instrumentation 
The simplest experimental set-up for measuring the impedance 
of a cell involves the use of an ac bridge. The cell under test 
is connected in one arm of the bridge (Fig 1.10a) and the 
resistive and capacitive components are balanced against standard 
components in the other arm. At the balance point, the measured 
Fig 1.10a Basic ac bridge circuit. 
Fig 1.10b Diagram showing the combination of in-phase and 
out-of-phase (quadrature) components of the current 
signal. 
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components of the impedance are the series resistance and 
capacitance, Rs and Cs, from which the equivalent parallel 
components Rp and CP can be obtained using equations 1.27 and 
1.28. The real and imaginary components of the impedance can 
then be obtained (Z'=R p, 
z''=1/WC 
p 
). Although good quality data 
can be obtained using such a set-up, measuring an impedance 
spectrum over a wide range of frequencies is extremely time 
consuming, as a signal generator must be manually adjusted and a 
balance point obtained for each measurement. In addition, the 
range of frequencies which can be investigated with such an 
arrangement is limited to the region of 30kHz to 10OHz, without 
the aid of sophisticated detection systems. 
A more efficient method of measuring the impedance of a 
sample cell is to use a phase-sensitive detector. Such a device 
gives a dc output related to the amplitude and phase of the 
sinusoidal input. Applying phase shifts it is possible to 
determine the real and imaginary components of the impedance. 
The total current signal can be divided into an in-phase and 
out-of-phase (quadrature) component which can be separately 
determined to find the current response (Fig 1.10b). Although it 
is possible to carry out this procedure manually, in modern 
instrumentation all data are processed as collected to give real 
and imaginary impedance components, and a large range of 
frequencies can be covered in a relatively short time. Such an 
automated system also allows averaging of signals over a period 
of time leading to increased accuracy of data. The Solartron 
1170 series of frequency response analysers (see Chapter 2) are 
essentially phase-sensitive detectors, which offer these 
facilities. 
With all such measurements, the time required to collect the 
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data can be a limiting factor, even with sophisticated 
computer-controlled apparatus such as described in Chapter 2. To 
collect sufficient data for the impedance to be calculated it is 
necessary for the applied signal to complete a full cycle. This 
means that as progressively lower frequencies are employed, the 
time for a single measurement even without averaging, can become 
prohibitively long. With an applied signal of 10 mHz, the 
Solarton 1170 series analysers require a measurement time of at 
least 200 s to measure the impedance at a single frequency, with 
no integration over a series of repeated measurements. 
Approximately two days are required to complete a full scan from 
1 MHz to 7 mHz with averaging of each measurement (at each 
frequency) over ten cycles, and collect a single spectrum. In 
view of this, some workers have made attempts to speed up further 
the measurement process, using Fourier and Laplace transforms to 
evaluate a whole spectrum from a single measurement. These 
systems are at present not commercially available and can still 
require long periods of signal averaging (1.71,1.72). 
1.2.5 I. S. E. Membranes: Expected Equivalent Circuits 
The simplest equivalent circuit, which one might expect for 
an ion-selective membrane in contact with aqueous solutions on 
both sides is shown in Fig. 1.11a. The circuit consists of two 
solution resistances Rs, in series with a parallel network 
representing the membrane. The'resistive component of this 
network Rb is the bulk resistance of the membrane arising from 
the transport of charge carriers through the membrane phase, 
disregarding interfacial processes or blocking at the 
membrane-solution interfaces. The capacitive component of the 
Fig 1.11a Equivalent circuit for a simple membrane model (two 
solution resistances in series with a single 
parallel network). 
Cg 
Rs RS 
.A. 
A. A. wm- 
Rb 
Fig 1.11b Complex plane plot for Fig 1.11a 
z,, 
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network C9, is the geometric capacitance inherent in the 
membrane resulting f rom the space charge regions at the membrane 
surfaces. The complex plane impedance plot which would result 
from this equivalent circuit is given in Fig 1.11b. If all 
interfacial processes were fast and unhindered, the above circuit 
would represent an ion-selective membrane in contact with 
solution of the primary ion. It is likely, however, that these 
processes will be less facile and will affect the membrane 
impedance, giving rise to other features in the complex plane. 
Considering a simple ion transfer from the aqueous phase to 
the organic phase, it is probable that an energy barrier must be 
overcome to move an ion across the interface, similar to the 
Butler-Volmer activation overpotential of classical electro- 
chemistry. This barrier would manifest itself as a charge- 
transfer resistance in series with the bulk membrane network. In 
parallel with this resistance there would also be a capacitance 
due to the diffuse electrical double layer existing at each 
interface, forming a second parallel network which would then 
give rise to a second semicircle in the complex plane (Fig 1.12). 
The question of whether or not both of these features could 
be expected to be visible in the impedance plot depends largely 
on the magnitude of the various equivalent circuit components. 
it is generally true that such features can be separately 
distinguished when the time constants for the two networks are 
more than two orders of magnitude apart. Fig. 1.13 shows 
theoretical complex plane plots calculated using the expressions 
zl =R1.30 
12R2c2 
Fig 1.12a: Alternative equivalent circuit for a simple membrane 
model including slow interfacial processes. 
Rs 
Rct, Rb RCt2 
Rs 
Cdll Cg Cd 12 
Fig 1.12b Complex plane plot for Fig 1.12a 
z, 
Fig 1.13 Theoretical plots showing the convolution of 
separate semicircles with various ratios of time 
constants. 
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and 
zoo -wR 
2c1.31 
1+w2R2c2 
for the equivalent circuit with various ratios of the two time 
constants. 
Simulated data were calculated using the program Simplot on 
the Apple microcomputer, which*produces a dummy data file for 
plotting with Analysis 1 and Analysis 2. (A listing of Simplot 
is given in Appendix A along with the main data control system 
programs). 
It is also possible that the impedance of. the ion-selective 
membrane system could include a Warburg impedance Zw. This 
arises generally from the presence of a diffusion, or mass 
transfer controlled process occurring in the system under study. 
In this case the equivalent circuit becomes as in Fig 1.14a, 
where the real and imaginary components are given by; 
Rs+R 
ct + Sw 
-1/2 1.32 
(c dl s dw 
1/2 
+l )2+w2C dl 
2 (R 
ct +s w- 
1/. 2)2 
z1f C dl (R ct + sw- 
1/2 )- 2+ sw- 
1/2(w-1/2 
+1) 1.33 1ý2d 1s 
(C dl sw 
1/2 
+1) 
2+w2c 
dl 
2 (R 
ct + sw- 
1/2 )2 
(The derivation of these expressions is given in Appendix B) 
For an ion-selective electrode, a Warburg impedance would 
represent the diffusion of charge carriers or complexes within 
the system becoming a controlling process. This can be viewed 
(1.73) as a resistive component Zw and a capacitive component C W1 
where Zw arises from the addition at one interface and loss at 
the other of charge carriers in each half cycle of the measuring 
Fig 1.14a: Equivalent circuit for a membrane system containing 
a Warburg impedance and slow interfacial processes. 
cg 
Fig 1.14b: Complex plane plot for the equivalent circuit 
shown in Fig 1.14a. 
zu 
z, 
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signal, and Cw is a pseudo-capacitance due to charge separation 
from ions moving at different velocities. If this were the case, 
then the complex plane plot for the system would appear as in Fig 
1.14b. 
It is apparent that several factors will affect the impedance 
of the ion-selective electrode system, both on a microscopic and 
a molecular level. Viewing the system as a simple model as above 
requires that the membrane itself is chemically homogeneous, and 
also that it is physically smooth and planar. The effect of 
surface roughness oi discontinuities would be to create a series 
of parallel R ct and 
C dl networks, probably exacerbated by a 
chemically non-uniform surface. These multiple networks would be 
manifested in the impedance plot as a convoluted series of 
semicircles, all having very similar time constants. This type 
of feature has been reported elsewhere and is generally treated 
as a single, large semicircle with its centre below the real axis 
(Fig 1.15). If pure capacitive behaviour is present, surface 
roughness is also manifested by deviations from the vertical of 
the low-frequency capacitive feature in the complex plane plot 
(1.74). 
More obvious possibilities for the factors affecting the 
impedance concern the nature, number, and mobility of the charge 
carrying species. Rct, and ultimately R bI will be affected by 
the rate of transfer of charge carriers from and to the membrane 
phase, and Rb will depend also on the mobility of the charge 
carriers within the membrane, the magnitude of their charge, and 
the rate at which carriers are generated or lost from sites 
within the membrane, ion pairs, and complexes. C9 and C dl will 
depend largely on the location and type of space charges, and 
charges adsorbed on to the membrane surface. 
Fig 1 .1 5a: Equivalent circuit representation of multiple RC 
parallel networks in series (as may occur with a 
membrane with surface roughening). 
WTV'" 
--i 
-IA-MW- 
Fig 1.15b: Complex plane plot for the equivalent circuit 
shown in Fig 1.15a. 
It z 
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1.2.6 Impedance Measurements Applied to ISEs: Previous Work 
Several workers have attempted or proposed (1.75,1.76) 
impedance measurements on ion-selective electrodes in the past, 
and the theoretical treatment of the problem has received some 
attention. Until recently, however, the lack of sophisticated 
equipment for impedance measurement has meant that the data 
collected have been generally of a poor quality and only initial, 
qualitative conclusions about the electrodes under study could be 
drawn. A review of the literature is given below, divided 
according to the type of electrode studied and presented 
chronologically within each sub-heading. 
1.2.6a Theoretical 
Early work by MacDonald (1.77) on the theory of polarisation 
of electrochemical systems under the influence of ac signals, 
preceded the first work on the impedance of glass membranes by 
Buck (1.78), who calculated equivalent circuits and theoretical 
values for the shape and magnitude of the membrane impedance 
using theoretical expressions for the current-potential-time 
characteristics of the membrane. 
Macdonald's work included considerations of the effects of 
ac signal on electrolytes and was followed by treatments specific 
to membrane with mobile sites by Sandblom et al. (1.79), who 
predicted an equivalent circuit for such a membrane, consisting 
of a parallel RC network in series with a resistor (similar to 
that discussed above). De Levie et al (1.80) derived an 
expression for the admittance of a membrane permeable to only one 
I 
type of ion, using the Poisson-Nernst-Planck equations and 
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predicted an equivalent circuit similar to that of Sandblom but 
with the additional feature of a Warburg impedance. This work 
was extended to carrier-mediated ion-transport, by De Levie 
(1.81). 
Brumleve and Buck (1 . 82) produced numerical solutions to the 
Nernst-Planck and Poisson equations by utilising computers and 
produced theoretical concentration profiles and impedance loci 
for a variety of membrane types, and Macdonald (1.83) published a 
highly detailed treatment for two-electrode systems consisting 
of; 
electrode/membrane/electrode 
Specific results applicable to glass membranes were derived by 
Buck (1.55) from the Laplace transform of the potential-current 
relationship. 
Sandblom et al. (1.79) carried out theoretical work on the 
expected impedance of a mobile-site membrane, using a very 
simplified model, and using an HC1 solution as a model membrane. 
The resistance of this model membrane was calculated from 
experimentally-determined diffusion coefficients, and this was 
then used to calculate the solution impedance using the applied 
voltage function. The results of this early work predicted, in 
general, a membrane whose equivalent circuit could be represented 
by a capacitor and resistor in parallel, in series with a second 
resistance. 
The extent to which these theories and predictions agree with 
experimental data is discussed below and in later chapters. 
1.2.6b General 
The first experimental data for the impedance of an 
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ion-selective membrane were obtained by Brand and Rechnitz in 
1969 (1.84), using a manually operated system which could only 
cover the limited range of 20Hz to 20kHz. The data obtained were 
of low quality, although it was possible to obtain an approximate 
value for the bulk resistance of the whole electrode assembly. 
It was necessary in this work to use a peak to peak voltage of 
JV, which is sufficiently large for polarisation of the system to 
have occurred. Measurements were made on commercial electrodes 
for Cl-, Ca +, Cu 2+ and water hardness. 
1.2.6c Glass Electrodes 
Initial measurements by Buck and Krull on glass pH electrodes 
(1.85) were extended to lower frequencies by Sandifer and Buck 
(1.86). It was found that the complex plane impedance plot 
showed two semicircles, -. representing an- equivalent circuit of 
two parallel RC networks in series. This was interpreted as a 
bulk resistance and geometric capacitance giving rise to the 
higher frequency semicircle, and interfacial processes giving 
rise to lower frequency feature. 
Brand and Rechnitz (1.87) also investigated the impedance of 
surface films on glass electrodes, although experimental data 
were still hampered by a lack of sophisticated measuring systems. 
Brand and Rechnitz (1.88) also made impedance measurements on pH 
electrodes, sodium glass electrodes and monovalent cation 
electrodes, finding similar results to those of Buck, although 
disagreeing to some extent (1.87) on the nature of the equivalent 
circuit, but still accepting the presence of two features 
representing the bulk phase and the surface layer. 
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1.2.6d Silver Halide Electrodes 
Buck et al. (1.89) made measurements on silver chloride 
crystals with various types of contacts, and found that no charge 
transfer semicircle was present in the complex plane impedance 
plot, implying that the interfacial kinetics under normal 
circumstances were very fast, and unlike the glass electrodes, no 
surface film or hydrated layer existed. Rhodes and Buck extended 
this workýto silver/silver chloride layers deposited 
electrochemically on to silver electrodes (1.90). Rhodes and 
Buck also made measurements on silver bromide finding results 
similar to those found for the silver chloride electrode (1.91). 
1.2.6e Fluoride Electrodes 
Mertens et al. (1.92,1.93) made impedance measurements on 
several different lanthanum fluoride F- electrodes and again 
found a two component impedance Plot similar to those described 
above. 
1.2.6f Precipitate-Based Electrodes 
The only impedance work carried out on a precipitate based 
system was by Rhodes and Buck (1.94) on silver sulphide 
electrodes, in the form of a rotating disk electrode. 
complicated results were obtained which could not easily be 
resolved into an equivalent circuit. Effects due to dissolution 
of the silver sulphide and to grain boundaries in the 
pressed-pellet electrodes were present. 
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1.2.6g Liquid Membrane (Ion-Exchanger) Electrodes 
Mathis and Buck (1 . 95,1.96) carried out a number of impedance 
measurements on liquid ion-exchange membranes based on 
tricaprylmethylammonium nitrate (Aliquat nitrate) in solution in 
nitrobenzene. The membrane was created by supporting the 
solution between polymer support films to achieve thick 
membranes. Various support media were investigated, and it was 
found that the impedance spectrum of the system depended on the 
type of polymer support used, although the impedance plot 
remained as a two-semicircle plot. Dielectric constants, 
conductivities and capacitances were calculated and were found to 
be close to theoretically pre'dicted values. 
1.2.6h Neutral Carrier Electrodes 
Initial measurements by Handyside (1.97) outlined the basic 
features of the impedance spectrum of the Orion series 92 liquid 
membrane potassium electrode. Ahmad-Bitar et al (1.98,1.99) have 
also made two-electrode measurements on PVC membranes using a 
rudimentary system giving data over a very limited frequency 
range, which did not allow the conclusive determination of the 
bulk membrane resistance or any other equivalent circuit 
parameters. 
1.2.7 Summary and Thesis Objectives 
of the many different ion-selective electrodes produced 
commercially, potassium electrodes are one of the most important 
and widely, used, although debate still continues as to the 
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precise mechanism of operation of the neutral carrier electrodes, 
and a synthetic alternative has yet to be found which exhibits 
the same degree of selectivity for potassium as does valinomycin. 
The ac impedance technique has been used with some success to 
characterise the behaviour of solid state electrodes, and in the 
present study neutral-carrier electrodes are investigated in a 
similar way. 
A review of the literature relating to mechanistic aspects of 
ion-selective electrodes and the application of ac impedance 
techniques to such systems is given earlier in this chapter, and 
an introduction to the theory of ac impedance measurements is 
also included. The impedance measuring system itself is 
described in detail in Chapter 2, with details of the 
purpose-written software required for its control. Chapter 2 
also includes an introduction to ISE methodology, along with full 
experimental details, and a discussion of the various aspects of 
cell design required for the work. 
Chapter 3 contains a review of contemporary theory of the 
mechanism of operation of neutral carrier electrodes, considering 
the question of electroneutrality within the membrane, and giving 
a theoretical background and introduction to the material 
presented in the following chapters. The membrane is considered 
from the point of view of the exclusion of anions, a necessary 
requirement for the membrane potential to be described by the 
Donnan potential which relates the potential to the external 
solution compositions. 
The main objective of the work was to characterise fully the 
impedance behaviour of membranes containing neutral carrier for 
both liquid and polymer matrix membranes, to provide a sound basis 
for further, less general studies. In addition to the general 
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investigation, several more detailed questions are addressed, 
concerning the nature of the charge-carrying species and the 
mechanism of anion exclusion in both types of membrane. The 
impedance measurements also permit the role of the various 
membrane components to be investigated. by way of a systematic 
variation of the membrane composition. 
Measurements on model liquid membrane electrodes are reported 
and discussed in Chapter 4, including details of attempts to 
improve the response of the nitrobenzene-based liquid membrane by 
improving its selectivity for cations over anions. On the basis 
of the results obtained, a simple explanation of the operation of 
the electrodes is suggested. 
In most current neutral carrier electrodes, the ionophore is 
incorporated into a PVC matrix, and Chapter 5 concerns the nature 
of the matrix used, considering its electrical and physical 
properties through impedance measurements on dry membranes, which 
have had no contact with aqueous solutions, and also by electron 
microscopy. 
In Chapter 6 results of impedance and potential measurements 
are presented for a variety of PVC membranes. The behaviour of 
the basic PVC matrix in contact with aqueous solutions of alkali 
metal salts is investigated, both with and without the presence 
of valinomycin. The addition to the membrane of salts of large 
anions has been reported to improve the anion exclusion 
properties of neutral-carrier electrodes, and various membranes 
containing potassium and sodium tetraphenylborates, both with and 
without the presence of valinomycin were included in the study. 
Potential measurements are also discussed in Chapter 6 as a 
measure of cation transport number and a mechanism is suggested 
on the basis of both these measurements and the ac impedance data 
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to explain the cation-selectivity of PVC membranes containing 
valinomycin. 
In Chapter 7, a comparison is made between valinomycin and 
several synthetic ionophores including a novel 
sulphur-containing, crown-type ligand known as COD-I, and Chapter 
8 contains a final summary and discussion. 
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Chapter 2 
Experimental 
2.1 Introduction 
I The experimental details described in this chapter concern the methods 
of fabrication of the ion-selective electrodes used in this work, and the 
techniques used to make potentiometric and impedance measurements on them. 
Details of membrane calibration and selectivity determination are given, 
and a description of the impedance measuring system and software is also 
included. A discussion of the theoretical aspects of the impedance 
technique is given in Chapter 1, and the theory of membrane potentials for 
neutral carrier-based ion selective electrodes is discussed in Chapter 3. 
2.2 Considerations In Cell Design 
r1he essence of any functional ion-selective electrode is a sensitive 
membrane containing the electroactive material separating a sample 
solution and a reference solution. In the case of potassium selective 
electrodes, the reference solution is normally 0.1 mol dm -3 KC1. A 
reference electrode in contact with each solution allows the potential 
difference across the membrane to be determined (Fig 2.1). Normally the 
reference electrode, reference solution and membrane are contained within 
the same housing. For the purpose of potentiometric measurements, the 
actual geometry and proportions of the cell are largely irrelevant as long 
as the electrode gives a stable response (notwithstanding the requirements 
of different reference electrode designs). For impedance measurements 
the requirements are however more rigorous as the geometry of the cell 
used can have a marked effect on the measured cell impedance. This is 
Fig 2.1 : Basic schematic diagram of an ion-selective electrode 
MEMBRANE 
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only to be expected when it'is considered that the total 
impedance is a combination of the different component 
capacitances and resistances occurring in the cell, all of which 
have a certain dependence on geometric factors. It is therefore 
desirable to obtain as simple a cell geometry as possible, cells 
which are cylindrically symmetrical being the ideal. Details of 
cells used in this work are given below. 
2.3 Ion-Selective Electrode Membranes 
A variety of different types of neutral carrier ion-selective 
electrodes have been reported and. used in working environments 
including liquid membranes, PVC-matrix membranes and coated wire 
electrodes (2.1-2.5). In the present work, the first two types 
of electrode were studied. 
2.3.1 Liquid Membrane Electrodes 
The first neutral carrier based ion-selective electrodes were 
of the liquid membrane type (2.6), where the active material is 
dissolved in an organic solvent which is immiscible with water, 
to give the membrane solution. The membrane may be formed by 
supporting a portion of the solution in a U-tube, glass capillary 
or similar apparatus. A more robust membrane can be formed by 
absorbing the solution into a porous support medium -a technique 
which has successfully been employed in the Orion series 92 
'dip-type' electrode. The cellulose acetate filters manufactured 
by the Millipore Corporation (Bedford, Mass., USA) are available 
with a variety of pore sizes and make ideal membrane support 
media which can be cut to size with a sharpened cork borer 
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(internal diameter 3mm). Handyside (2.7) found the Millipore 
EGWP filter (pore size 0.2 gm) to be a suitable support and this. 
type of filter was used for all liquid membranes used in the 
present work. 
The liquid membrane has been superpeded to a large extent in 
neutral carrier based electrodes by the PVC membrane first 
reported by Shatkay (2.8), and perfected by Thomas (2.9), but the 
former still offer advantages over the latter in certain 
situations for research purposes. The main advantage of the 
liquid membrane system is its simplicity in terms of chemical 
composition. The purity of the solvent can easily be established 
by standard analytical techniques, and assuming a pure sample of 
the active material is used, the membrane composition is well 
defined. Thus the liquid membrane provides a 'clean' system for 
theoretical consideration. 
2.3.2 Liquid Membrane Preparation and Cell Design 
The liquid membranes used in this work consisted of either 
Valinomycin dissolved in 2,3-dimethylnitrobenzene (2,3-DMNB) at 
various concentrations, or of pure 2,3-DMNB. Solutions were 
shaken on an orbital shaker for a minimum of 24 hours to ensure 
complete dissolution of the valinomycin. 
The 'classical' cell used for work on liquid membrane 
electrodes is the Orion Series 92 electrode body shown 
schematically in Fig 2.2. This electrode largely fulfils the 
geometrical requirements of cell design for impedance work 
outlined above, being approximately symmetrical about the 
membrane. It was felt that any minor improvements in geometry 
which could be achieved by designing a new cell would not offset 
Fig 2.2: The Orion 'Series 92' dip-type electrode 
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the difficulties in creating a design which would still provide a 
reservoir of the membrane solution constantly in contact-with the 
membrane. A slight modification was made to the Orion body to 
achieve a greater membrane surface area, by making a new 
screw-cap with a larger opening and a new spacer. 
The electrode body is machined from a robust and chemically 
resistant fluorocarbon, with a screw on cap and spacer of the 
same material. The original '0' rings supplied were made of 
silicone rubber, but it was found that these perished after 
prolonged contact with the 2,3-dimethylnitrobenzene solvent, and 
so they were replaced by Viton '0' rings (George Angus Ltd, 
Wallsend, UK) which are specifically designed for use with such 
solvents. 
The internal reference electrode consists of a chloridised 
hollow silver tube, forming a silver/silver chloride electrode, 
mounted on a fluorocarbon plug. This then locates in the central 
bore of the electrode body forming an air-tight seal at the top. 
Electrical contact with the internal reference electrode is 
achieved by a gold-plated pin housed in the screw-on top which 
connects to a screened coaxial cable. The main electrode body 
houses the membrane support which is held in place by a spacer 
and the lower screw-on cap. The membrane support is supplied 
from a reservoir which continuously replaces any solution lost 
from the membrane during its lifetime. 
The electrode is assembled as follows. First the '0' rings 
are located on the spacer and the main body. The body is then 
inverted and the spacer is fitted over the end of the internal 
reference electrode. The membrane support must then be carefully 
located in the centre of the spacer using plastic tweezers. Due 
to the build up of static electricity, the cellulose acetate 
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filter tends not to stay in position on the spacer during 
electrode assembly but this can be cured by dropping a small 
amount of the membrane solution on to the filter once it is in 
position, and then carefully tightening the screw cap down over 
it. Incorrect positioning of the filter, or over-tightening of 
the cap, causes cracks in the support resulting in leakage of the 
internal reference or membrane solutions producing an unstable 
electrode response and so this must be avoided. 
Once the membrane support is firmly in place, the reservoir 
can be filled with the membrane solution using a syringe inserted 
into one of the side holes in the electrode body. The amount of 
solution used has no effect on the operation of the membrane, it 
merely determines the lifetime of the electrode. A working 
electrode can be produced with a single drop of membrane 
solution. The electrode is then left for a minimum of half an 
hour for the solution to permeate'fully the filter support, after 
which it can be checked for leaks by gently pressing a piece of 
lens tissue over the end of the electrode body. If there is no 
trace of any membrane solution on the tissue then it is unlikely 
that excessive leakage is'occuring, which would cause an unstable 
potential response. The internal reference solution can then be 
added by injecting it down the centre of the reference electrode. 
The presence of air bubbles in the internal reference system is 
avoided by repeatedly flushing the cavity with the reference 
solution (a bleed hole is drilled into the side of the electrode 
body for this purpose). 
once assembled, the electrode can be stored dry or in a 
standard low-concentration solution of the primary ion. In 
normal operation, the electrode would be conditioned in a 
solution of the primary ion for several minutes after assembly, 
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prior to use, but, for impedance measurements where the time 
dependent nature of the frequency response was being 
investigated, the electrode was loaded directly into the 
measuring system. The calibration and selectivity data were then 
collected after all impedance measurements were completed. 
Sample electrodes from each batch of membrane solution were 
fabricated and tested prior to carrying out any impedance work to 
ensure that the solutions would produce good, working, 
ion-selective electrodes. 
All parts of the electrode body were cleaned prior to the 
fabrication of each new electrode by immersion in acetone for 
twenty-four hours. 
The electrode as described above is normally used as a dip 
type electrode which is simply immersed in the sample solution 
with a separate reference electrode, and this configuration was 
used for two-electrode impedance measurements on the liquid 
membranes. The electrode body was housed in a glass cell (Fig 
2.3), fitted with a water jacket through which water was 
circulated by a peristaltic pump from a thermostatically 
controlled water bath. The glass cell has a Quickfit B24 glass 
screw connector with a rubber seal through which the electrode 
body was mounted into the cell, giving a good airtight seal. The 
counter electrode consists of a circular silver /silver chloride 
electrode mounted in a B24 glass stopper which is inserted into 
the side of the cell by a ground glass socket. The electrode was 
constructed so that the circular part was concentric with the 
central axis of the Orion electrode body. 
Calibration and selectivity measurements were carried out by 
suspending the Orion body in a beaker containing the sample 
solution, with a standard saturated calomel reference electrode 
Fig 2.3: Glass cell for measurements using the Orion 
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fitted with a salt bridge of 
chloride. The solutions wer, 
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the magnetic follower did not come 
ISE or the reference electrode. 
in order to make impedance measurements in a four electrode 
configuration, two more electrodes were necessary, giving two 
internal and two external electrodes (Fig 2.4). This was 
achieved by fitting a PVC sheath around a second Orion 
silver/silver chloride tube electrode which could then be 
inserted down the central bore of the electrode body, next to the 
original internal electrode. Contact between these two internal 
electrodes was prevented by inserting the unsheathed tube only to 
a depth where its' tip was above the level of the sheathing on 
the other electrode. The sheathed tube was used as the reference 
electrode and the unsheathed one as the current-carrying 
electrode. The two tubes were supported and held apart by clamp 
stands at the top of the body. Evaporation of the internal 
reference solution was prevented by fitting the two tubes through 
a rubber cap which fitted over the end of the Orion body. 
Electrical connections were then made directly on to the tubes by 
clean crocodile clips. The second external electrode was 
obtained by inserting another silver/silver chloride electrode 
through a second socket in the glass cell; this became the 
current-carrying electrode, with the original external electrode 
as the reference. 
2.3.3 PVC-Matrix Membrane Electrodes 
The liquid membrane has largely been superceded in the 
Fig 2.4: Modified 'Series 92' electrode body, allowing 
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fabrication of neutral carrier ion-selective electrodes by the 
PVC-matrix membrane, in which the active material is suspended in 
a chemically inert support matrix. The PVC membrane affords much 
greater mechanical strength and ease of electrode assembly than 
does the liquid membrane, and PVC membranes can easily be 
incorporated on to ion-selective field effect transistors 
(ISFETs). Unfortunately, the chemical composition of the PVC 
membrane is much less well defined than that of the liquid 
membrane, due largely to the presence of various additives 
incorporated in the PVC during manufacture (see Chapter 5). 
Nonetheless, these electrodes perform extremely well as ISEs. 
2.3.4 Cell Design 
In potentiometric studies, the PVC membrane is usually 
mounted on a B7 glass socket into which a silver/silver chloride 
electrode can be fitted to give a complete ion-selective 
electrode assembly (Fig 2.5) which can be used in a similar way 
to the Orion series 92 electrode. It was felt that in the case 
of the PVC membrane electrodes, where no reservoir of membrane 
solution is required, an improved cell geometry could be 
achieved, particularly with a view to four-electrode 
measurements. A new cell was designed which fulfilled these 
requirements, and which would allow both two- and four-electrode 
measurements on the PVC membranes (Fig 2.6). The cell body is 
machined out of a rod of polytetrafluoroethylene (PTFE) as are 
the electrode plugs. The two halves of the cell are clamped 
together by way of a spring loaded 'top hat' arrangement which 
maintains constant and even pressure on the membrane and gives a 
water-tight seal. The electrode plugs consist of solid silver 
Fig 2.5: B7 Glass electrode assembly for PVC membranes 
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ingots, chloridised on their exposed faces, set into PTFE plugs 
which locate into holes in the cell body. 
It was also necessary to carry out impedance measurements on 
certain membranes before contact with aqueous solutions. To 
allow such measurements to be made, direct contact was made on 
both sides of the membrane with solid stainless steel electrodes. 
The membrane was compressed between the two cylindrical steel 
electrodes which were housed in a non-conducting polycarbonate 
cylinder. In this way, good contact between the membrane and the 
electrodes could be ensured by applying pressure to the assembly 
by a hydraulic press. A statimeter gauge was also included to 
measure the pressure applied to the membrane, and the whole 
assembly was situated in a glove box with a dry atmosphere (<2ppm 
water). The apparatus is shown schematically in Fig 2.7a. 
2.3.5 PVC Membrane Preparation 
The PVC membranes for this work were of the form first 
investigated by Thomas et al. (2.9,2.10). The membranes comprise 
PVC (supplied as a powder), a plasticiser, and the electroactive 
material in the ratio 33: 66: 1 (approx. ). Some membranes also 
incorporated potassium, sodium or caesium salts of the 
tetraphenylborate anion (TPB-) in very low concentrations as used 
by Band (2.11). A variety of plasticisers have been used in PVC 
membrane ion-selective electrodes, although no conclusive 
evidence has been produced to suggest that any particular one is 
preferable to any other (2.12-2.14). Recently Arami (2.12) has 
found evidence to suggest that different plasticisers behave 
differently on contact with water but this does not appear to 
affect the operation of the electrode membrane. The majority of 
Fig 2.7a: Cell for dry membrane impedance work 
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plasticisers used for ion-selective PVC membranes are either 
esters or diesters of dibasic acids in the homologous series from 
ethanedioic to decanedioic acid, or esters of phthalic acid. 
Handyside (2.7) found bis-(2-ethylhexyl) sebacate to be a 
satisfactory choice and this was used throughout the present 
work. 
The membrane components were dissolved in tetrahydrofuran 
(THF) and complete dissolution was ensured by shaking for a 
minimum of 24 hours on an orbital shaker after which the solution 
was transferred to a PTFE mould (Fig 2.7b) placed on a flat 
surface in a dust free location. The mould was then covered with 
a weighted pad of f ilter papers to allow slow evaporation of the 
solvent over several days. Once the solvent had completely 
evaporated, the membrane was carefully removed from the mould 
with a pair of plastic forceps. The films produced had a uniform 
thickness of approximately 0.1 mm. Circular cuttings with a 
diameter of 1.5 cm were taken from the master membrane using a 
specially constructed stainless steel cutter similar to a cork 
borer. These could then be loaded into the cell by carefully 
positioning the film over the central bore on one half of the 
cell using plastic forceps, followed by clamping the two halves 
of the cell together. The cell was then ready for filling with 
the relevant aqueous solutions. 
Moulds were cleaned between castings by washing with THF 
followed by immersion for twenty-four hours in acetone. 
2.4 General Details 
All glassware used in this work was cleaned by immersion in 
chromic acid for a mimimum of one hour followed by repeated 
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rinsing with copious quantities of triply distilled water and 
drying in a clean oven. 
All electrical connections were regularly checked for good 
contact and plugs and sockets were cleaned with, emery cloth. All 
leads were checked for low resistance and continUity of 
screening. 
All impedance measurements were carried out'at thermostatted 
temperatures. For the liquid membranes, temperature control was 
by means of a water jacket incorporated into the glass cell (see 
above) giving an accuracy of +0.5 degrees centigrade. The PTFE 
cell used for the PVC. membranes has no such. means of control and 
so the whole cell was housed in a polystyrene-box, which was then 
partially immersed in a thermostatted water bath. Cell 
temperature was then monitored by using a thermocouple taped to 
the cell body. It was found that this arrangement allowed 
control of the cell temperature to an accuracy of +0.5 degrees 
centigrade. 
2.4.1 Chemicals 
Valinomycin was obtained from the Sigma Chemical Company 
(Poole, Dorset, UK) and was used as supplied. Crown compounds 
and the 2,2,2 cryptand were supplied by Dr J. C. Lockhart 
(Inorganic Chemistry Dept., Newcastle University). 
All solutions were made up using AnalaR grade chemicals with 
maximum impurity levels of alkali metals of 0.005%. Solutions 
were made up using volumetric glassware. 
2,3-dimethyl nitrobenezene obtained from Koch-Light Ltd 
(Haverhill, Suffolk, UK). The purity of the 2,3-DMNB was 
verified by nmr and IR spectroscopy. 
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The THF used in this work was UV spectroscopy grade, with no 
added stabilisers (Fluka (Fluorochem), Glossop, Derbyshire, UK). 
PVC was supplied by BDH (Poole, Dorset, UK)'with a molecular 
weight of 100000. No purification of the PVC' was attempted. The 
bis-(2-ethylhexyl) sebacate (dioctyl sebacate) plasticiser was 
obtained from Sigma. Ultraviolet and infra-red spectroscopy, and 
gas-liquid chromatography (glc) showed the sample obtained to Oe 
pure. 
Sodium tetraphenylborate was obtained from BDH. Potassium 
and caesium tetraphenylborates were obtained by precipitation 
from a saturated aqueous solution of sodium tetraphenylborate by 
addition of a solution of the correspondingýchloride at a 
concentration of 0.1 mol dm- 
3. The samples thus obtained were 
washed ten times in either potassium or caesium chloride 
solutions -(0.1 mol dm- 
3) followed by washing in triply distilled 
water. The samples were then dried in a desiccator. 
2.4.2 Reference and Counter Electrodes 
Silver/silver chloride electrodes (other than those supplied 
for use with the Orion series 92 electrode body) were chloridised 
by anodising in a 0.1 mol dm -3 KC1 solution at a current of 0.1 
mA cm 
2 for two hours using a platinum counter electrode. 
2.5 Instrumentation 
Any current drawn from the ion-selective electrode produces a 
non-equilibrium condition invalidating the Nernst relationship 
(section-2.7). Drawing current from the electi7ode assembly also 
polarises the silver/silver chloride electrod6s"and the-'membrane, 
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making measurements meaningless. It is therefore essential to 
operate the electrodes under conditions of zero current drain. 
This means that a potential measuring device with a very high 
input-impedance is required to measure correctly the potential 
response of the ISE. ' To this end a high input impedance buffer 
amplifier was constructed, enabling measurement of the cell 
potential with a standard laboratory digital voltmeter (DVM) 
(Farnell Electronics, Wetherby, Yorks., UK). The circuit of the 
buffer amplifier is shown in Fig 2.8. It consists of an 
operational amplifier utilising a field effect transistor (RS 
Electronics, London, UK), connected in a non-inverting 
configuration as a unity gain voltage follower. In this 
configuration the amplifier produces an output voltage equal to 
the input voltage. Due to the high input impedance of 
approximately 10 
12 Ohm, practically no current is drawn on the 
input circuit, whilst the output current is of the order of 
several milliamps - sufficient to drive a DVM. The performance 
of the amplifier was regularly checked using a standard voltage 
source (Time Electronics, Tonbridge, Kent, UK). 
2.6 The ac Impedance Measuring System 
The heart of the ac impedance system is the Solartron 1174 
frequency response analyser (FRA) (Solartron Electronics Group, 
Farnborough, UK) which actually measures the impedance of the 
cell under test. Data collection from the FRA, and subsequent 
processing, can be achieved in a number of ways, with or without 
the aid of a computer, although the use of a computer affords 
much greater flexibility, speed of data acquisition, and accuracy 
in timing, and allows the monitoring of the impedance of a system 
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continuously over a period of days. 
The system originally employed in these laboratories for ac 
impedance measurements comprised the FRA driving a paper tape 
punch via a Solartron data transfer unit (DTU) , and a 'Bryans A3 
xy plotter (giving real-time plotting of the data) via a 
Solartron digital to analogue converter. All impedance runs 
were carried out by manual operation of the FRA with each data 
point being dumped on to punched tape as it was collected. Data 
processing was possible by feeding the punched tape through a 
tape reader connected to a North-Star Horizon computer. The 
computer allowed high quality plots of data to-be drawn on a 
Hewlett-Packard graphics plotter, and numeric data listings 
could be obtained via an Anadex dot-matrix printer. The system 
allowed basic impedance plots to be obtained, but was time 
consuming to operate and did not allow continuous monitoring of 
the impedance for time-dependent effects. 
The system based on the North-Star Horizon computer was 
replaced after the first year of this project by a much more 
flexible integrated impedance system using software specially 
written for the system (which is described below and in appendix 
A). This new impedance measuring system is still based around 
the Solartron 1174 FRA, but is now fully under the control of an 
Apple II microcomputer. A Solartron 1186 electrochemical 
interface (ECI) is also connected to the FRA allowing 
measurements to be made under potentiostatic or galvanostatic 
conditions. In addition to controlling the FRA the computer 
also drives the graphics plotter and an Epson-dot-matrix 
printer. A detailed description of the system software is-given 
in Appendix A. 
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2.6.1 The Frequency Response Analyser 
The FRA combines a programmable signal generator and a phase 
sensitive detector, allowing the impedance of, a system to be 
measured over a range of frequencies both quickly and, 
accurately. The impedance data can be output from the FRA 
either in the form of polar co-ordinates, or x, y data pairs, 
representing points in the complex plane (see Chapter 1). It is 
customary in impedance work on electrochemical systems to 
represent data as complex plane plots using real and'imaginary 
axes, and this convention was followed throughoutýthe present 
work. 
The Solartron FRA has an operating frequency range of 
9.999X10 
5 Hz down to 10- 
4 
Hz with a maximum of 99 measurements 
per decade, change in frequency. These specificati6ns-give a 
sufficiently wide frequency range for most practical 
electrochemical systems to be studied. In the present work, ' all 
membranes investigated were found to have impedance spectra 
which could be fully determined within this range. 
The impedance which the FRA actually measures is the total 
impedance between the X and Y input sockets on the-front panel, 
ie. all connections and leads used to connect the cell under 
test to the FRA will make a contribution to the measured 
impedance and it is therefore of the utmost importance to 
minimise all such unwanted contributions. This is best done by 
keeping all leads to the absolute minimum length required, 
ensuring that leads do not twist together or form loops, and 
using clean connections with large contact area. In addition to 
these precautions, screened oscilloscope probes were used to 
connect the FRA to the comparison resistor box. The probes were 
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trimmed to balance their capacitive components and were replaced 
if good characteristics could not be obtained. 
The FRA has been fitted with a Solartron 1183-C IEEE-488 
interface so that full two-way communication with the Apple 
computer can be carried out, enabling complete program control 
of all aspects of its operation. 
2.6.2 The Electrochemical Interface 
The Solartron 1186 Electrochemical Interface (ECI) is 
essentialy a potentiostat which can be coupled directly to the 
FRA, allowing impedance measurements to be made using three or 
four-electrode cells, rather than the more usual two-electrode 
cell. The ECI can also be operated in a galvanostatic mode, but 
this facility was not utilised in the work reported here. 
Prior to the present study, basic impedance measurements had 
been made on some neutral carrier ion-selective electrodes, but 
only in a two-electrode configuration (Fig 2.9 and also see 
Chapter 1). The problem in such a situation is that the 
impedance measured includes the impedances of the two reference 
electrodes, the bathing solutions, and the leads from the cell 
to the current measuring resistor box. Connecting the FRA via 
the ECI with two reference electrodes and two current-carrying 
electrodes allows the impedance of the membrane alone to be 
determined. 
2.6.3 The North-Star Horizon Microcomputer 
The Horizon microcomputer (North-Star, UK) is based on an 
IEEE S100 bus system. The S100 is a one hundred wire bus, each 
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wire having a specific function (data lines, control lines, 
power supply etc. ). This system allows a variety of circuit 
boards to be connected on to the bus, depending on users needs, 
giving great flexibility. The Horizon computer uses a 4MHz 
Zilog Z80 microprocessor as its CPU, which is housed on a 
circuit board along with various peripheral chips. In addition 
to the processor board, there are several other boards connected 
on the bus as detailed below :- 
Two RAM boards-giving a total of 48K of memory. 
Two boards giving a total of four serial 1/0 ports. 
disk drive controller board controlling two Shuggart 
single-sided, double-density, 180K disk drives. 
iv. An IEEE-488 interface board. 
v. A board giving two parallel 1/0 ports 
vi. A power supply board 
The computer does not have a built-in keyboard or display 
screen and therefore must be used in conjunction with a-visual 
display unit (vdu) which containsthe keyboard, screen and-all 
the necessary hardware and so"ftware to decode and encode the 
keyboard signals and operate the screen. The vdu used was an 
ADDS Consul 980, giving a twenty-four line display with eighty 
characters per line and rudimentary graphics facilities. 
2.6.4 The Apple II Microcomputer 
The computer used to control the upgraded impedance 
measurement system is an Apple II Europlus (the standard model 
sold in Europe prior to the launch of the Apple IIe in 1983). 
This computer is based around a 6502 microprocessor and is 
supplied with a total of 64 kilobytes (64k) of memory.., Of this 
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memory, 16k is allocated to ROM and the remaining 48k to RAM. 
The ROM chips include the BASIC language interpreter and the 
system monitor. 
Of the 48k of RAM available to the user, several areas are, 
out of necessity, allocated to various facilities as shown in 
the memory map (Fig 2.10). The main blocks which are thus lost 
to the user are as follows :- 
$0000-$0800 System pointers, processor registers & 
stack, keyboard buffer and general system workspace. 
$4000-$6000 Memory-mapped high resolution graphics. 
$9600-$COOO Disk operating system. 
The result of this memory allocation is that if high 
resolution graphics are required, the user is limited to 
approximately 14k of high level language program space, situated 
between $0800 and the bottom of HGR2 (the high resolution 
graphics page) at $4000. As a result of this limited amount of 
program space, and also from considerations of program speed, it 
was convenient to write certain parts of the software in machine 
code, which can be stored above the memory space allocated to 
variable storage. For some routines, it was a matter of 
necessity to use machine code in order to access parts of the 
machine operating system effectively. A full description of the 
programs comprising the IDCS is given in Appendix A. 
The computer has twin 140k, single-sided, single-density, 
5 1/4" disk drives, and is used with a monochrome monitor screen, 
giving a 24 line display with 40 characters per line. 
2.6.5 The IEEE-488 Interface 
Both the Apple and the Horizon computers were fitted with an 
Fig 2.10: Apple II Memory Map 
Hex Decimal 
FFFF 65,335 
Monitor ROM 2k (&800) 
---------------------------------------- F7FF 63,487 
AppleSoft Basic Rom 10k (&27FF) 
ROM ---------------------------------------- DOOO 53,248 
1/0 Space & memory for accessory cards 
i. e. IEEE-488 & Printer Interfaces 
---------------------------------------- COOO 49,152 
Disk Operating System (DOS) 
10.5k (&2AOO) 
---------------------------------------- 9600 38,400 
String Storage (Builds Down) 
--------------------------------------- HIMEM 
---------------------------------------- 
Array Variables & String Pointers 
(Build Up) 
---------------------------------------- 
Simple Variables & String Pointers 
(Build Up) 
--------------------------------------- 6000 24,576 
(LOMEM) 
High-resolutions graphics Page 2 
Graphics only; 280x192 pixels 
8k (&2000) 
---------------------------------------- 4000 16,384 
High-resolutions graphics Page 1 
280x192 pixels &4 lines of text 
free for program storage if HGR2 used 
8k (&2000) 
---------------------------------------- 2000 8192 
Program storage space 
(excluding Hi-res graphics page 1) 
6K (&1400) 
OCOO/ 3,072/ 
0800 2048 
System Stack, Data, Pointers etc. 
Keyboard Buffer, Monitor Vectors 
Text pages 1&2, Free space 
(127 Bytes) For user Machine code) 
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IEEE-488 interface board. On the Horizon, this interface was 
used solely to drive the graphics plotter, this being the only 
method available to obtain hard copy plots of impedance data. 
with the Apple computer, an IEEE-488 interface (California 
Computer Systems, Sunnyvale, Calif., USA) is used to drive the 
graphics plotter and, with the addition of the 1183-C interface 
to the FRA, to control the FRA as described above. A duplicate 
system has also been set up using similar hardware, but with an 
Apple IEEE-488 interface (Apple part E031-0197-B) driving a 
Solartron 1172 FRA. 
2.6.6 The Epson. Dot-Matrix Printe3ý 
Hard copy printed output can be obtained from the Apple 
using an Epson MX82111 F/T dot-matrix printer. The printer has 
a serial impact, nine wire, bi-directional print head with a 
continuous print speed of 80 cps (characters per second). 
Characters are made from a 9x9 matrix, and a full 96-character 
ASCII character set, with descenders, is available in eight 
international formats. Bit-image reproduction of memory-mapped 
graphics is available with true 1: 1 scaling from screen to 
printer, with a typical time of 1.5 minutes for dumping of an 
impedance plot on to paper from the Apple computer. The use of 
this facility allows easy and rapid access to hard copy of 
impedance plots without the need to use the graphics plotter. 
2.6.7 The Graphics Plotter 
High quality graphical output is available via a 
Hewlett-Packard HP 7225A digital graphics plotter. The 7225A 
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has a plotting area of 210 x 297mm with a resolution of 11400 x 
8900 plotter units, giving addressable pen movements of as 
little as 0.032 mm. A full ASCII character set is resident in 
ROM for use in labelling etc., and full control over character 
size, scaling and orientation is available. A total of 
thirty-eight different plotter control instructions are 
available, including user-defined character facilities. 
plotting speeds of up to three characters per second can be 
achieved, giving a typical plotting time for an impedance plot 
of approximately one minute. The plotter is connected to the 
computer via the IEE-488 interface, where it functions both as a 
, 
listener, receiving plotting instructions, and a talker, sending 
error codes and allowing digitisation of graphics material from 
the plotter platen. 
2.6.8 System Software - The Impedance Data Control System (C) 
block diagram of the impedance measuring system is shown 
in figure 2.11: The diagram shows the main data transfer routes 
and connections between the various devices comprising the 
impedance measurement system. 
2.6.8.1 Program Requirements 
There were several requirements that had to be considered 
when writing the software for control of the impedance measuring 
system. The main objective was to develop a system which would 
be as flexible as possible so that future projects and users 
could be accommodated without needing to rewrite the whole 
package. Also, as the system consists of several pieces of 
Fig 2.11: Block diagram of the impedance measurement system 
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hardware by different manufacturers, it was likely that 
replacement of individual pieces of equipment would occur in the 
future. To minimise the effects of such changes, and to allow 
future users the facility to expand the system if required, it 
was decided to develop a package of program modules, each one 
controlling a different aspect of the system and being as 
self-contained as possible. The intention was that, if a single 
piece of the-hardware were replaced, the relevant program module 
for controlling that part of the system could be re-written, or 
modified, and the rest of the software could continue to be 
used, unaltered. 
Another requirement was that inexperienced users could 
operate the'system with a minimum of assistance. To accomodate 
this, all the system programs were written on a menu-driven 
basis so that the operator is always confronted with options for 
action, and the system automatically loads and runs on 
powering-up the computer. 
2.6.8.2 General Proqram Details 
The Impedance Data Control System (IDCS) as a whole 
comprises six programs as detailed below. The IDCS allows all 
front panel settings of the FRA to be set, and all data to be 
collected and saved via the computer. Impedance data can be 
further analysed and output in numerical or graphical form to a 
dot-matrix printer, and in graphical form to a graphics plotter. 
During data collection, the FRA is set into the local mode 
except when data is actually being transferred to or from the 
computer. This allows all generator controls to be altered via 
the front panel'during a run. Data can be displayed on the 
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monitor screen as it is collected, either in numeric form, or in 
graphical form as a real-time plot. Switching between these 
display modes can be carried out at any point during the run, 
via the T (text) and G (graphics) keys on the keyboard. The 
keyboard is constantly monitored during the run for key presses. 
The impedance data is stored in the computer memory in a 
three element, five hundred-point array. This allows for an 
impedance spectrum covering ten decades of frequency, with fifty 
points per decade, more than sufficient for any practical system 
likely to be studied. All data collected are automatically 
saved on floppy disk at the end of the run so that no loss of 
data due to operator error can occur. In the event of a disk 
being full so that no more data can be saved, the operator is 
prompted to load a new disk, and the data saving process is 
repeated, so that no data is lost. Data are saved in the form 
of a binary image of the area in memory where the data array 
resides. This maximises disk storage capacity and speeds up the 
process of saving or loading a file considerably. Each data 
file has a corresponding description file which is saved along 
with it, containing all details of the run. These details 
include all settings used on the FRA and all experimental 
details entered by the operator. 
The IDCS incorporates a multiple run facility whereby a 
particular run, once programmed, can be repeated several times, 
with a user-specified time delay between successive runs. This 
also allows the collection of data at a single frequency over a 
period of time, in order to follow the time dependence of the 
impedance of a sample at a fixed frequency. With these 
single-frequency runs, a choice of three real-time displays is 
available; Z' vs time, Z'' vs time, or double-layer capacitance 
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(DLC) vs time. The double layer capacitance is calculated from 
the imaginary component of the impedance, using the assumption 
that at high frequencies, the following relationship holds. -- 
ZI I=1 
2f CA 
2.1 
where f is the frequency of the measuring signal, C is the 
double-layer capacitance, and A is the surface area of the 
electrode (or membrane). This assumption is only valid at 
frequencies above lkHz, and so use of this facility at lower 
frequencies would yield unreliable data. The type of display 
chosen for the real-time plot does not affect the collection or 
storage of the data - both real and imaginary components are 
entered into the data array along with the frequency for each 
measurement, irrespective of which is actually displayed on 
screen. 
The JDCS does not use the normal Apple CATALOG command when 
a listing of a disk directory is required during a programme 
run. Instead, a machine-code routine is used which differs 
considerably from the CATALOG command in that only locked binary 
files (i. e. impedance data files) are shown, and the files are 
displayed on the monitor screen in blocks of fifteen, numbered 
sequentially. The desired file can then be selected by entering 
its number, in contrast to the Apple CATALOG routine which 
displays all files, in a continuous listing, with no facilities 
for file selection, and filenames must be entered in fullpgiving 
more scope for errors. 
All the IDCS programs are run on a menu-driven basis, and 
offer a list of options for action which guide the operator 
through a logical sequence of operations from setting up the FRA 
and collecting data, through to detailed data analysis. The 
system as a whole comp I rises six BASIC programs and one block ofý 
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machine code as follows: - 
START-UP (BASIC) 
DCOLLECT (BASIC) 
ANALYSIS 1 (BASIC) 
ANALYSIS 2 (BASIC) 
HPPLOTTER (BASIC) 
BSHAPE (Machine Code) 
Detailed descriptions of each program are given in Appendix A. 
2.7 Electrode Calibration And Selectivity Coefficient 
Determination 
All electrodes used in this work were assessed for correct 
functioning as ion-selective electrodes. From each batch of 
liquid membrane solution, or each PVC master membrane, 
electrodes were fabricated and tested prior to making any 
impedance measurements. Potential responses were also measured 
for all electrodes on which impedance measurements were made, 
and, in situations where the time dependence of the cell 
impedance was being investigated, the electrode assessment was 
carried out after all impedance measurements were completed. 
2.7.1 Electrode Calibration 
The utility of ion-selective electrodes as analytical 
devices is based entirely on the potential difference which 
arises across the membrane, due to the difference in activity Of 
certain ions on either side of it. The various theories of how 
the membrane potential actually arises are discussed in Chapter 
3. 
The cell potential is the sum of all the potential 
differences arising throughout the electrode cell. In addition 
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to the membrane potential (Em) these include junction potentials 
(Ei), reference electrode potentials, and all potentials arising 
from connections in the measuring circuit. Assuming that the 
symmetrical arrangement of the measuring circuit. causes all the 
latter contributions to cancel out, and, that the reference 
electrode maintains a constant potential (E r 
), the overall cell 
potential can be represented by the following equation: - 
E 
cellr- 
Er+Ei+Em2.2 
The junction potential contribution is caused by the difference 
in ionic mobilities in the sample solution and the salt bridge 
solution-of the reference electrode. It cannot be separately 
determined, and must therefore be included in the value for E mil 
which may as a result produce a non-Nernstian response. In the 
case of the liquid membrane electrodes E. is generally not zero, 3 
but careful cell design can minimise its contribution to the 
measured potential. 
For the PVC membranes, potential difference measurements 
were. carried out in the PTFE cell described in section 2.3.5 
which contains no liquid junction, with the result that E. 
becomes zero and the only variable component of the cell 
potential is the membrane potential, Em. 
Em can be related to the two solution concentrations via a 
modified form of the Nernst equation, which for an electrode 
selective for a univalent ion, i, is generally written as: - 
= RT ln a. 
Fa 
2.3 
where ai 11 and ai' refer to the activities of the primary ion in 
the sample and reference solutions respectively, R is the gas 
constant, T the absolute temperature, and F is the Faraday 
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constant. The calculation of membrane potentials is discussed 
fully in Chapter 3. 
If the activity of the primary ion is held constant in the 
reference solution, the change in cell potential in response 
to a change in activity of ion i in the sample solution is 
Nernstian. The equation for the cell potential then becomes 
linear. ie: - 
E'E+s log(a 2.4 
cell 'ý 0 
where EO is the standard potential of the cell (given by the y 
axis intercept), and the gradient, s, is the Nernst Factor 
(RT/F)lnlO, which is equal to 59.18 mV at 298K for an 
electrode selective for a univalent ion. 
An electrode which is placed in a series of sample 
solutions of decreasing primary ion activity, should therefore 
give a linear plot of potential against the log of solution 
concentration. In practice this is not the case, as the 
activity of the primary ion is not equivalent to the solution 
concentration except at low concentrations (less than 0.001 
mol dm -3 ) and any real electrode has a limited working range. 
It is therefore customary to construct a calibration curve for 
an electrode by measuring the potential developed when it is 
placed in a series of solutions as described above. It is 
usually considered that six different concentrations (normally 
10-1 mol dm- 
3 down to 10- 6 mol dm- 
3) 
are sufficient to 
determine the calibration curve and this number of solutions 
was employed for all calibration and selectivity measurements 
reported here. 
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2.7.2 Selectivity Coefficient Determination 
It is, of course, in solutions containing other ions in 
addition to the primary ion that ion-selective electrodes are 
normally used. Ideally, the electrode. would still respond only 
to the primary ion under such conditions, as if the interferent 
ions were not present in the solution. In reality, however, the 
ideal behaviour described by equation 2.4 is not achieved. The 
membrane is normally not only sensitive to the primary ion, but 
to several others as well, and it is desirable to have a measure 
of the effect that a given interferent ion will have on the cell 
potential. 
The first quantification of the interferent effect was made 
by Nikolskii (2-15) when considering the sodium error in glass 
pH electrodes. This approach was based on the existence of an 
equil I ibriumýof the form, 
iz+(glass) + jz+(aq) i Z+ (glass) + jz+(aq) 2.5 
with equilibrium constant Kij. An extension of the modified 
Nernst equation can then be constructed, ie: - 
E0+ RT ln ai+K ij a 
ziF 
I 
j=i 
il 2.6 
where the subscripts i and j refer to the primary ion and the 
interferent ion respectively, z denotes the charge on a given 
ion and k 13 
is the selectivity coefficient for the electrode for 
the two named ions. This was extended by Eisenman (2.16) to 
accomodate the diffusion potential in the membrane, giving an 
equation of the form shown overleaf. 
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E=E0+ RT ln aiz 
zF 
Pot z /Z. K. . a. i 13 D 
j=i 
2.7 
The k ij term 
in this case is the potentiometric selectivity 
coefficient which incorporates the relative mobilities of the 
two species (the primary ion i, and interf erent ion j)i. e. 
Pot 
-3-13 U. I 
2.8 
This semi-empirical expression for the membrane potential, 
generally known as the Nikolskii-Eisenman equation, adequately 
describes the response of most ISEs in practical situations and 
the f actor Kiý gives a measure of the ef f ect that a given 
interferent will have on a given electrode. The smaller the 
value of Kijj the smaller the contribution of the interferent 
ion to the membrane potential. Often in the literature, 
reciprocal values for K ij (i. e. K ji ) are quoted, so that a value 
of Kij of 10- 
3 becomes a K, I value of 
1000, although the meaning 
is still that the electrode is one thousand times more sensitive 
to ion i than to j. it is also often the case that selectivity 
coefficients are quoted as selectivity constants. This is not 
strictly correct as the value of Kij depends on a variety of 
factors including interferent ion concentration, active material 
concentration in the membrane and, particularly, the method of 
determination used. For this reason, it is recommended by IUPAC 
(2.17) that the term selectivity coefficient is used and that 
the method of determination and all relevant experimental 
details be included with the value of K. - quoted. A number of 13 
different methods are available to determine the value of K.. 13 
and these are briefly outlined below. 
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2.7.2a Separate Solution Methods 
Two calibration curves are plotted, one using solutions 
containing only the primary ion i, and the other using solutions 
containing only the interferent ion j.. Equation 2.7 becomes 
Es log ai2.9 
when no j is present in the solutions, and 
E2=E0+s log K ij j 2.10 
when no i is present (where s=2.303RT/zF). If ai=ai then the 
selectivity coefficient is'given by 
log K ij = E2 - El 2.11 
s 
Alternatively, when E2= El it can be seen that 
K.. = a. /a. 2.12 1) 13 
Separate solution methods have been used extensively in the past 
but are not recommended for two reasons. It is arguable that 
measurements made in separate solutions do not reflect the 
situation which exists when an electrode'is in a mixed solution 
containing several ions. As a result of this, it is suggested 
that any values of K ij obtained are therefore inapplicable to 
any normal situation where measurements are made on samples 
containing both ions. It is also the case that widely differing 
values are obtained depending on which of the above conditions 
is used to calculate Kij, and at which concentrations the 
equivalence points, where E1 =E 2, are taken. 
2.7.2b Mixed Solution Methods 
As the name suggests, mixed solution methods involve 
measurements with both primary and interferent ions together in 
the same solutions and several workers have utilised these 
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methods in different forms. 
There are essentially two approaches to the analysis of data 
obtained by the mixed solution method. Fig 2.12 shows a typical 
selectivity plot for an ion selective electrode. From this it 
can be seen that as the activity of the primary ion is reduced 
the interferent ion begins to affect the potential response and 
at a given primary ion activity the interferent completely 
controls the potential. The two linear portions of the curve can 
be extrapolated to a point where they intercept. This provides 
an arbitary reference point from which the selectivity constant 
can be calculated using equation 2.6, as ai can be taken as the 
constant background interferent concentration. 
An alternative method, which can be adopted, is to take the 
point where the difference between the experimentally determined 
curve and the extrapolated line is 18/z mV. This gives the 
activity Of the primary ion required for equation 2.6 and a. can 3 
be taken as before. 
The problem can be approached in the opposite way i. e. the 
primary ion concentration can be held constant and the level of 
interferent ion varied. 
An entirely different approach has been suggested (2.18). An 
initial potential is measured in a solution containing only the 
primary ion, when for an electrode sensitive to univalent ions 
I the following equation holds, 
EE0-2.303 RT log a 2.13 
F- 
Measured quantities of the interferent are introduced to the 
solution, the potential being noted after each addition. These 
potentials can then be related to the new primary ion activity by 
equation 2.14. 
Fig 2.12: Typical mixed ion response curve for a 
valinomycin-based ISE 
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E2=E0-2.303 RT log (a' i+ Kij a'ý) 
F 
Combination of these two equations gives Ll- 
13 
11 -E2 
RT/F) lnl 0 
10 
1 
- at 
2.14 
2.15 
which is evidently linear, if the interferent activity is 
plotted against the righthand side of the expression, with a 
slope of K... 13 
All selectivity coefficients quoted in this thesis were 
obtained using the method of constant interferent activity and 
extrapolation of the linear portions of the curve to their 
intercept. 
2.8 Factors Affectinq Impedance Measurements 
In addition to the effects of cell geometry discussed in 
section 2.2, and any chemical changes which may occur, a number 
of factors can affect the measured impedance of a sample (2.19). 
Depending on the materials used, and the chemical composition 
of the cell contents, a small change in temperature can have a 
significant effect on the measured impedance. For this reason, 
it is always advisable to maintain the sample cell at a constant 
temperature. All measurements carried out in the present study 
were made at constant temperature as described earlier. 
The cell itself will have an impedance existing in parallel 
with the impedance of the electrochemical system contained 
within the cell. Although this cell impedance will generally be 
very high, it cannot always be ignored, and care must be taken 
to use materials which will minimise the effects of this 
unwanted contribution. 
58 
The input impedance of the measuring system, particularly 
capacitance and resistance in connecting leads, can give rise to 
artefacts in the complex plane, which can be minimised by using 
coaxial screened leads where possible, keeping all leads as 
short as is practicable, and balancing the impedance of the FRA 
probes. 
The current measuring resistor can itself give rise to 
errors, as it may not be a pure resistor. Every effort was made 
to use current measuring resistors of near zero capacitance or 
inductance, measuring the impedance of all the resistors used on 
a separate ac bridge. It is also necessary to ensure that all 
connections and soldered joints are clean and. well made to 
minimise further capacitive or resistive interference. Ideally 
the value of the current measuring resistor should be identical 
to the resistance of the cell under test. It is impractical to 
achieve this for every frequency measured and so resistance 
boxes are used with a series of resistors covering the range of 
the cell resistance so that the CMR is of similar magnitude. If 
too low a current measuring resistor is employed, the accuracy 
of the measurement becomes very poor whilst too high a resistor 
can lead to the appearance of pseudo-inductive loops in the 
complex plane, particularly at high frequencies. 
Measurements were made on the cells used for both the liquid 
and the PVC membranes with no membrane present, so that the 
resistance of the cell assembly and the silver/silver chloride 
electrodes alone was measured. Fig 2.13 shows a typical 
spectrum obtained for the Orion body in a two-electrode 
configuration. The complex plane plot is closely similar to 
those obtained by Buck for silver/silver halide electrodes 
(section 1.2.6d) and can be interpreted as a resistive offset 
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representing the solution resistances within the cell, in series 
with the Ag/AgC1 impedance. The magnitude and form of the 
impedance makes it desirable to exclude the contribution of the 
silver/silver chloride electrodes from the measured impedance. 
It would be possible to measure the impedance of the empty cell 
and to subtract this mathematically from any data obtained from 
a cell containing a complete membrane, and this approach has 
been adopted in the past, both in this laboratory and elsewhere. 
This approach is not entirely satisfactory, however, as there 
is no guarantee that the empty cell impedance will duplicate 
exactly the impedance of the cell components when a membrane is 
present. An alternative approach is to use a four-electrode 
cell configuration, which utilises two current-carrying 
electrodes, and two reference electrodes, one of each situated 
on both sides of the membrane. The membrane impedance can then 
be measured by way of the reference electrodes, thus avoiding 
contributions from other parts of the cell, and minimising the 
solution resistances measured. This approach requires more 
sophisticated electronics, but at the end of the first year of 
the project, a four-electrode potentiostat, the Solartron 1186 
ECI, became available, designed specifically for connection to, 
and use with, the Solartron 1170 series frequency response 
analysers. It was originally hoped to use the 1186 coupled to 
the 1174 for all impedance measurements, however, it was found 
that the 1186 introduces a phase lag into the system at high 
frequencies, which manifests itself as an inductive loop in the 
complex plane when the data are plotted. For this reason, it 
was necessary to use the 1174 coupled directly to the sample 
cell at high frequencies and the 1186/1174 combination could 
only be used at low frequencies. This is an acceptable 
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situation, as it can be seen from Fig 2.13 that the Ag/AgCl 
electrode impedance only becomes significant at frequencies 
below about 1Hz. Table 2.1 gives the frequencies for various 
dummy cells, at which the error introduced by the 1186 falls 
below given tolerance levels. 
In some situations, the solution resistance as it appears in 
the impedance spectrum, seems to be of the order of megohms, 
whilst in reality, it can be measured with no membrane present 
to be in the region of 700 ohms, as above. This apparent 
discrepancy is due to the choice of comparison resistor used. A 
small resistor should be used to measure the value of the 
high-frequency limit, where Z becomes purely resistive. With 
some membranes, however, as a result of the value of the time 
constant for the high-frequency process, the maximum frequency 
of the measuring system is not sufficient to reach this limit, 
and the imaginary component of the'impedance is sufficiently 
large to require a larger comparison resistor. The use of a 
larger resistor results in a loss of accuracy in the data as 
discussed in Chapter 1. 
In practice, it is customary to measure the high frequency 
part of the spectrum initially with as low a comparison 
resistance as possible to verify that the solution resistance. is 
as expected. For subsequent runs, a larger comparison resistor 
is used so that it is not necessary to change over to a higher 
resistor when the impedance at lower frequencies is measured. 
Table 2: 1 Measurement Accuracy: The 1174 and 1174/1186 
Systems Compared 
Resistance Tolerance 1174 Alone 1174/1186 
------------ 
1 MOhm 
--------------- 
20% 
------- 
3.971 
------- 
kHz 
-------- 
1.254 
---- 
kHz 
10% 1.989 kHz 629.8 Hz 
1% 198.9 Hz 79.28 Hz 
Zero error < 1.0 Hz 6.298 Hz 
------------ 
100 kOhm 
--------------- 
20% 
------- 
39.71 
-------- 
kHz 
------- 
1.254 
---- 
kHz 
10% 19.89 kHz 629.8 Hz 
1% 998.0 Hz 79.28 Hz 
Zero error 125.4 Hz 6.298 Hz 
------------ 
10 kOhm 
--------------- 
20% 
------- 
397.1 
-- 1ý ------ 
kHz 
------- 
15.78 
---- 
kHz 
10% 198.9 kHz 6.298 Hz 
1% 25.04 kHz - 
------------ 
Zero error 
--------------- 
125.4 
------- 
Hz 
-------- 
998 
------- 
Hz 
---- 
Above the frequencies shown, the error in measurement 
exceeds the given tolerance level. 
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Chapter 3 
Mechanistic Aspects of Neutral-Carrier Ion-Selective Electrodes 
3.1 Introduction 
There are two main aspects of the operation of ion-selective 
electrodes which must be encompassed by any theory or model 
describing them; these are: - 
a) The origin of the selectivity of the electrode with 
respect to ions of one sort over other species of the same 
charge. 
b) The mechanism by which ions of the opposite charge are 
excluded from the membrane. 
Many of those investigating the subject from both theoretical 
and experimental points of view have studied biological membranes 
(3.1,3.2), and have considered the effect of neutral carriers 
such as valinomycin on lipid bilayer, and natural cell membranes 
(3.3-3.14). Much of the work has produced conflicting results 
and theories, possibly due to the fact that such a wide variety 
of experimental procedures have been used, and that it is not 
necessarily valid to apply the conclusions from one type of 
experiment, with one type of membrane, to the results from 
another. 
This chapter contains a summary of the contemporary models 
and theoretical treatments of the membrane potential for neutral 
carrier-based ion-selective electrode membranes. Also included 
is a discussion of the structural factors involved in the 
functioning of the carrier molecule in such a membrane. 
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3.2 Structural Aspects of Neutral Carrier Electrodes 
In neutral carrier electrodes, the basis of the selectivity 
of the membrane can clearly be illustrated, by way of extraction 
studies and measurement of formation constants, to be dependent 
on the structure of the carrier molecule (the ionophore) itself, 
although the relationship is not always a simple one. A large 
amount of effort has been directed at considering these various 
structural and kinetic factors (3.15-3.33) and, to explain the 
marked differences in formation constants exhibited by these 
compounds for one type of ion compared to another, it is 
necessary to consider the molecular interactions of the compound 
concerned. 
3.2.1 Ionophore/Ion Interactions 
wide range of factors controls the interactions between 
the host molecule and the ion to which it is bound, the basic 
principle being that of the host molecule providing a cavity into 
which the complexed ion can fit (although so-called sandwich type 
complexes are known for some ionophores (3.34)). On these 
grounds, the selectivity can be considered in terms of the extent 
to which the cavity is exclusive to one particular ion, although 
this may not depend on ion size alone. 
other factors which will affect the complexation process 
include the following: - 
i. Flexibility: The flexibility of the host molecule 
will-determine the ease with which the molecule can adopt a new 
conformation to accommodate the ion. Certain, species, such as 
valinomycin, or the cryptates, present a truly three-dimensional 
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cavity, whereas molecules such as 18-C-6 (1,4,7,10,13,16 
-hexaoxacyclooctadecane) and its derivatives can only provide 
what is essentially, a two-dimensional location in the centre of 
a ring, which involves less conformational distortion and 
rearrangement. This will in turn affect the activation energy 
for the complexation process and also the stability of the - 
complex formed. Hydrogen bonding or other bridging processes, 
can enhance the stability of the complex, but may affect the 
flexibility and ease of complexation. 
ii. Lipophilicity/Hydrophobicity: The polarity of the inti=al 
and external parts of the host molecule will affect the operation 
of the molecule in an ISE. It is desirable to have a molecule 
with a sufficiently polar interior to bind the ion, and a 
sufficiently apolar exterior to make the complex soluble in the 
non-aqueous membrane phase. It has been suggested (3.35) that 
the ideal ligand will have between five and eight co-ordinating 
sites in the interior co-ordination sphere to achieve optimum 
co-ordination of-a metal ijon.. 
Kinetics: For an ionophore to be useful as the 
electroactive species in an ISE, it is desirable to have kinetics 
such that both complexation and decomplexation are rapid, if an 
effective ion-transport mechanism is to operate. This will 
depend largely on i. and ii. above. 
iv. Ion Charge: The charge density of the ion will affect the 
complex as this will control the strength of the ion-ionophore 
coordination, and also the hydration of the ion. 
v. Hydration effects: It has been noted (3.20) that the 
specific ionic effects in chemistry and biology do not follow 
simple orders or series such as the Hoffmeister series (a measure 
of the lipophi-licity of a given ion relative to others), the 
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series of hydrated radii for the ions, or the bare ion radii. As 
long ago as 1919, Bungenburg de Jong (3.37) proposed a factor to 
explain these effects in terms of the polarisability of the ion', 
and in 1932 Jenny (3.37,3.38) suggested that the fact that 
sequences occurred with selectivity preferences other than those 
mentioned above, could be explained on the grounds of the ease 
with which an ion was hydrated. It was proposed that the more 
hydrated an ion was in solution, the more easily the dehydration 
process necessary for complexation would affect it. Neither 
series, though, had any ion other than Li or Cs as the most 
preferred, which is manifestly not the case in biology and ISE 
work. Eisenman (3.20) has proposed, a different set of sequences, 
based on energetic considerations of the balance between 
hydration and binding by a receptor site, which allow for the 
sequences found in real systems. 
The coordination process itself will also be affected by the 
extent of hydration of the ion, as this must involve a stepwise 
removal of the hydration sphere, and Morf (3.39-3.41) and 
Guggenheim (3.42) have suggested a theory to explain the 
selectivities in terms of the effects of the free energy of the 
dehydration process. 
vi. Counter-Ion Effects: It has been reported that for some 
cyclic polyether ligands, the nature of the counter ion markedly 
affects. the stability of complexes formed with metal ions (3.43). 
3.2.2 Neutral Carrier Structures 
The characterisation of the structure of many neutral 
carriers and their complexes has been carried out using x-ray 
crystallography on the solid form, and by a variety of techniques 
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on the liquid (solution) forms (3.44-3.48). 
In the uncomplexed state, certain species can have a number 
of different conformations, the particular conformation adopted 
depending on the dielectric constant and the polarity of the 
medium in which the ionophore is dispersed (3.49,3.50). 
Valinomycin (Fig 3.1) has three separately identifiable 
structures in the uncomplexed form (3.51,, 3.51a, 3.51b). The 'A' 
form of valinomycin adopted in apolar solvents (CC1 41 CHC13 ) has 
six internal hydrogen bonds as shown in Fig 3.2a, giving a 
cage-like structure, with a regular crown-like configuration 
possessing a threefold axis of symmery. In solvents of higher 
polarity (ethanol, dimethylformamide),, the molecule adopts a 
second configuration, the 'B' form, which has three internal 
H-bonds, giving a propeller-like structure (Fig 3.2b). In fact 
two 'B' forms have been identified, one with H-bonds formed by 
the D-Val residues (the B-I form), and one with H-bonds formed by 
the L-Val residues (the B-II form), with a rapid equilibrium 
occurring between the two forms. In polar solvents (methanol, 
dimethylsulphoxide), the molecule exists as an open, flexible 
ring structure (the C form) with no internal hydrogen bonds and a 
high degree of flexibility, with H-bonding to solvent molecules. 
The relationship between these three structures is shown 
schematically in Fig 3.3. 
The potassium complex of valinomycin has been shown to have a 
cage-like conformation similar to that adopted in apolar solvents 
(Fig 3.4)(3.52,3.53) with the potassium ion occupying the cavity 
within the centre of the molecule. In contrast, the structure of 
the sodium complex as determined by crystallography shows that 
the sodium ion actually sits above the valinomycin cage in a much 
less stable conformation, and is coordinated to a water molecule 
Fig 3.1: Schematic diagram of the structure of the 
valinomycin molecule 
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which occupies a more central position in the cavity (Fig 
3.5)(3.54). Thus the difference between the structures of the 
complex with the primary ion and the main interferent reflects 
the difference in selectivity of the valinomycin electrode. 
The significance of this structural. information in explaining 
the ionophoric properties of valinomycin is apparent. The 
molecule can adopt a series of stable structures, allowing 
progressive encapsulation of a potassium ion from an aqueous 
solution, giving a complex which is energetically favourable in 
apolar media. 
The synthetic ionophores show a marked difference in their 
structural properties. The smaller crowns are both less 
flexible and offer poorer encapsulation of the target ion. Figs 
3.6a and 3.6b show the structure of uncomplexed dibenzo-18-C-6 
and its potassium c6mpiex, as determined by x-ray diffraction. 
From these plots it can be seen that there is relatively little 
difference between the two structures and the crown cannot 
envelop the ion giving the hydrophobic exterior/hydrophilic 
interior of the valinomycin complex. The second point of note 
here is that the cavity of the ionophore is essentially a 
two-dimensional hole, which is easily accessible to any ion 
small enough to occupy the site. Any such ion would be expe*cted 
to form a complex, although one particular ion will obviously 
provide the optimum energetics by way of its size and charge 
density. This is upheld in practice, with stable complexes 
being formed for all the smaller alkali metal ions, and with 
little difference in stability between the different complexes. 
Similar results are obtained for the other 18-C-6 derivatives. 
Larger crowns offer much greater flexibilty, and more effective 
encapsulation of the ion, but lack the stability of the 
Fig 3.5: The structure of the Na+/valinomycin complex 
VAL I NOMYC I R/NA+ OOMPL EX I SOPROPYL R\D METHLY OFIRSONS REDUGED 
rig 3.6a: The structure and conformation of uncomplexed 
-dibenzo-18-Crown-6 
Fig 3.6b: The structure of the potassium complex of 
dibenzo-18-Crown-6 
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valinomycin molecule afforded by internal hydrogen bonding. 
The group of molecules known as the cryptands (Fig 3.7) give 
a true three-dimensional cavity where a greater degree of 
encapsulation and stability is available, but are also not 
entirely satisfactory as the lack of flexibility of the molecule 
results in very slow decomplexation kinetics. 
Many of these materials have been assessed in terms of their 
relative extraction coefficients with various ions and yet when 
incorporated into ISE membranes, their early promise is not 
fulfilled. This highlights the fact that extraction studies 
alone do not necessarily yield sufficient information for the 
assessment of new ionophores. 
When considering these factors, it is also important to 
consider that the structural and kinetic information obtained 
under specific experimental conditions may not be applicable to 
a different situation. The extent to which structural 
information, and kinetic data obtained from extraction studies 
and nmr work in liquid solvents can be extrapolated to cover 
supported liquid and PVC membranes is not clear. It is likely 
that the two present very different environments to the ion and 
ionophore, and that the kinetics involved and the structure 
adopted, in these situations may be quite different to those 
found in the idealised experimental conditions. The mobility of 
the neutral molecule and its charged complex, must also be 
dependent on the medium in which it is situated. 
3.3 The Membrane Potential 
The theoretical treatment of the development of the membrane 
potential is a complex area, as it must necessarily account for 
, 
Fig 3.7: Schematic representation of the 2,2,2-cryptand 
molecule 
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a number of possible effects. In a completely comprehensive 
treatment, these will include permeation of both cations and 
anions, and transport of cations, anions, complexes and 
uncomplexed carrier molecules. It is not possible here to 
review and comment on, in detail, all the different theoretical 
solutions which have been produced to date, but a general 
expression for the membrane potential is derived, and 
theoretical treatments relating to neutral carrier electrodes 
are discussed. 
When any two aqueous solutions containing ionic species at 
different activities are separated by a barrier through which 
some of the ions may pass, equilibration of the electrochemical 
potential of the system results in an electrical potential 
difference being set up between the two solutions. This 
potential difference can be considered to comprise two boundary 
potentials for the barrier/solution interface at each side of 
the barrier, and a diffusion potential arising out of the 
differing ionic mobilities of the species within the barrier. 
These are outlined from a theoretical viewpoint below. 
3.3.1 The Phase Boundary (Donnan) Potential 
Given any system involving an interface between two 
immiscible phases which contain ions of non-zero mobility, a 
potential will develop across the interface due to the uneven 
distribution of charged species between the two phases. In the 
ideal situation of equal distribution between the phases, no 
potential would develop, but in real systems this situation is 
seldom encountered. The difference in distribution of the 
charged species is manifested in the electrochemical potentials 
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of the species in the two phases, which consist of the chemical 
potential with an additional term to account for the charge on 
the ions, i. e: - 
+z FO 3.1 
i 
The standard expression for the chemical potential y1, for 
species i, is 
0 
,u=u+ 
RT lna 3.2 
iii 
Combining this with equation 3.1, gives, 
0 
+ RT ina +z Fo 3.3 
ii 
Given a system comprising a membrane separating two 
solutions differing only in the activity of species i and its 
counterion, then we can assume that at equilibrium, the 
electrochemical potentials on either side of the interfaces 
will be equal, and that 
m (aq) + RT lna' +z Fof= ß (m) + RT lna (0) +z Fý5(O) 3.4 
iiiiii 
for the interface at distance x=O through the membrane, 
and 
00 
(aq) + RT lna '+ z Fol 1= p( m) + RT lna (d) +z FO(d) 3.5 
for the other interface, at x=d. 
It is evident that 
and y0 (aq) will be the i 
the standard potential 
the standard chemical potentials p0 (m) i 
same for each interface, assuming that 
s do not vary within the membrane, and 
from this consideration, a new parameter, ki, the distribution 
coefficient, can be defined as shown in eqn 3.6. 
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00 
k. = exp -(pi(m) -_. fi(a_q) 3.6 
RT 
From this, the expressions for the interfacial potentials 
become, II 
o(0), = 0' + RT 
Z. F 
1 
ln iaI, 
]3.7 [laý 
i (0 ) 
and 
O(d) + RT 
Z. F 
I 
ln ! ii aI '' 3.8 
[a 
i (d) 
] 
Similar expressions can be obtained from the standard 
Butler-Volmer expression relating to reaction rates at 
electrode surfaces, i. e. 
=k a exp aziF(0(0)-o' 
7. a (O)exp 1-a)zjj(0(0)-o' 3.9a 
[ 
RT 
II 
RT 
I 
for the interface at x=O, and 
=k a (d)exp 1-a). KjL(O(d)-o"] -7. a "exp aýzjf(ý5(d)-qY'j 3.9b 
I 
RT 
[ 
RT 
for the interface at x=d, where ii is the total flux density 
for species i, 7- and 7, are the forward and backward rate 1 
constants for the transfer reaction and a is the transfer 
coefficient. 
At equilibrium, Ji becomes zero and therefore, 
ai (0) =kiai9 exp zi«F *0) - 01 3.10a 
[Z 
RT 
and 
ai (d) =k iai 
81 ex p F--z iE (O(d) - (ýI 1 )] 3.1 Ob 
LRT 
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The distribution coefficient is now described in kinetic rather 
than thermodynamic terms, where 
k k. 3.11 
The total interfacial potential, E b' is given by ((P' - (p'') and 
from equations 3.7 and 3.8, the following can be obtained, 
Eb= RT ln ia hT ln hia 1 
3.12 
a Z1F 
[ýa 
1 
(0 ZiFai (d; 
] 
RT ln [2ýj: ai (d)l 3.13 
zIFaIIa iTo 
d 
3.3.2 The Diffusion Potential 
The diffusion potential can be derived by solution of the 
classical Nernst-Planck equation based on Ficks' diffusion law. 
The general form of the equation is 
civ 3.14 
where Ji represents the flux density within the membrane phase, 
c. the concentration, and-7- the flow velocity for species i. 11 
Restricting the treatment to the flow of ions in the 
direction at right-angles to the membrane surface (i. e. 
directly through the membrane), ii is given by equation 3.15 
-u i ci d; W (0 <x< d) dx 
3.15 
Using equation 3.3 to describe the electrochemical potential of 
the species i, gives 
J. = -RT u. c. d1na. - z. F c. u. d 3.16 
'dx 
from which it can be seen that the controlling factors in the 
diffusion potential are the potential gradient (dV/dx) and the 
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gradient of the activity of species i. 
be 
Taking j, the electrical current density at equilibrium to 
i= FZz ii 3.17 
a general expression for the diffusion potential can be 
deduced, 
i. 
F, E zuici RTdlna i-ziciui Fdo -03.18 dx dxT 
and so 
and 
-z. u. c. RT d1na. = z. 
2 
c. u. F dO 3.19 
ýfx-l I dx 
dd 
, 
ýLý dx = -RT _Z zilli. 
2i (dlna -. /dx) dx 3.20 Ed dR dx F 
z C. U. 
0i 
which holds for all species permeating the membrane. 
If the electrical transference number is defined as 
a. 
2uIc 
172- 
ZzIu1cI 
then equation 3.20 becomes 
d 
Ed= -ET d1na 
F 
jEtz 
as given by Guggenheim (3.4, L). 
3.21 
3.22 
This expression requires a 
detailed knowledge of concentration (and therefore activity) 
profiles within the membrane and these can only be assumed. 
Various workers have provided solutions for the Nernst-Planck 
equation in this way, by the use of different restrictions and 
assumptions, with various activity profiles and boundary 
conditions. 
The general form of the solution for the integral equation 
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(eqn 3.22), as derived by Nernst is as follows, 
] RT lf, Edu 
lit u- 
RT Irl. Sa (0) ux (0) 3.23 
7u Zu+ZF la... (d) Zu+u mmmmF1ax 
(d) 
x 
where m=cation and x=anion. If Ux=0 and um = 1, equation 
3.23 reduces to 
E -ET ln [am(O) 
d 
m m( 
0) 
F d) 
3.24 
which will hold true in an ideally cation-selective electrode. 
In reality permeation of the membrane by other species will 
occur, resulting in a relationship which is still 
logarithmicallyllinear, but with a sub-Nernstian gradient. 
3.3.3 The Total Membrane Potential - Anion Exclusion 
The total membrane potential will evidently, be the 
algebraic sum of the diffusion potential and the Donnan 
potential, and as a result. iý is not possible*to evaluate these 
two terms separately In the case of an ideally selective 
membrane, combination of equations 3.13 and 3.24 gives; 
E= RT ln (0)l+ RT ln 1 2i(d)1 3.25 
m-i ji z. F 
[22 
-( -d) 7F 
[a 
'-' ta 
111i Jo-)i 
which reduces to 
RT ln 3.26 
m z. F I 
and relates the external solution concentrations to the 
membrane potential. Evidently, the form of the expression 
obtained relies, on the solutions for Ed and Eb which are used. 
The solutions derived should adequately describe the It 
potential-activity relationship for an ISE if they are to be of 
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any practical use. Generally this relationship is of the form 
of a flattened hyperbola, with a region of linear cation 
response at low concentrations which reaches a maximum and 
finally the response reverses at higher salt activities. 
A large number of solutions have been obtained for the 
Nernst-Planck equations, in the form outlined above, from the 
original work of Nernst (3.55), Planck (3.56) and others 
(3.57-3.59). 
Goldman (3.60) utilised the assumption that a linear 
profile exists for the electrical potential and that all 
solutions behave ideally. This treatment holds well for very 
thin membranes such as lipid bilayers and biological membranes 
and uses a convenient permeability factor Pi, as a measure of 
the degree of ion transport. Teorell (3.61,3.62) and Meyer and 
Sievers (3.63) produced solutions for membranes with several 
classes of permeating species by excluding the space charge 
regions and assuming an electroneutral membrane. 
Ciani and Eisenman (3.64,3.65) derived solutions for ideal 
membranes'with severa. 1 permeating species, which were extended 
to cover the effects of neutral carriers on lipid bilayers by 
Eisenman, Ciani et al (3.66-3.70). De Levie (3.71) further 
examined the implications of the Ciani-Eisenman-Szabo (CES) 
theory, which is essentially a segmented potential model as 
outlined above. The CES theory suggests that phospholipid 
membranes behave so that the boundary to ion permeation is the 
internal hydrocarbon-like section. i. e. a simple organic 
solvent phase made into a membrane of the same thickness as a 
phospholipid membrane would behave in the same way. This 
theory uses the Poisson-Boltzmann equation to describe the 
equilibrium potential profile, which comprises two interfacial 
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and interior potential contributions. The ionic fluxes are 
described by the Nernst-Planck equations of motion. The theory 
does not require the presence of fixed charges within the 
membrane and requires that ions of only one charge are present 
within the membrane. Essentially the jonophore just 
solubilises the cation in the membrane phase. The potential 
maximum occurs in this model due to cation-carrier complex 
concentration becoming decreased as a result of ion-pairing, 
rather than the total consumption of the carrier species. 
Alternatives to the above models were derived by Lauger and 
Stark (3.7la-3.71c). Their model was again constructed for 
phospholipid bilayer membranes, the main difference between 
this and the CES theory being that the diffusion/migration 
barrier of the former is replaced by an activation energy 
barrier and an Eyring-jump type mechanism controlling forward 
and backward transport rates. 
Neutral carrier membranes used in ISEs are thicker than the 
Debye length, and cannot therefore be considered thin in the 
present context, and so overall electroneutrality within the 
bulk membrane phase (excluding the interfacial capacitive 
space-charging regions) must be maintained, and the assumptions 
regarding the-potential profiles within the membrane no longer 
hold. 
Schlogl (3.72,3.73) produced the first treatment applicable 
to the latter type of membranes, allowing for any number of 
permeating ions as well as the presence of fixed ionic sites 
within the membrane. 
The CES model was extended by Boles and Buck (3.74) to 
incorporate transport of uncomplexed anions and cations, 
cation-carrier complexes and the formation of neutral 
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cation-carrier-anion complexes. Three extreme cases of the 
model were identified, i. e. (i) the classical CES situation, 
where only cation permeation and transport occurs, (ii) the 
situation of high anion permeability where the membrane is V- 
electroneutral, (iii) and an exclusive-anion permeability case. 
For all three cases, predicted response curves are found to be 
in agreement with experimental results. A further extension of 
the theory is included incorporating the idea suggested by 
Kedem (3.75,3.76), that anion exclusion is aided by the 
presence of fixed negative sites within liquid membranes, bound 
chemically to the support material. Earlier work on cellulose 
acetate and nitrate membranes showed that negative sites in 
these membranes give rise to perm-selectivity in the absence of 
any carrier agent (3.77-3.79). The Boles and Buck model 
assumes exclusion of the anions due to space charging at low 
salt concentrations and that the maximum, and reversal, in the 
response occurs when the membrane is electroneutral. Complete 
consumption of carriers is not presumed to occur due to the low 
formation constants for ion-carrier complexing and ion-pairing. 
This theory has several faults, these being that large 
deviations from electroneutrality are still required in the 
membrane bulk, and that a fundamental consequence of the model 
is that a typical ISE membrane would be expected to have a 
resistance of approximately 10 
17 ohm, well in excess of the 
6 
resistances reported here and elsewhere (10 Ohm). The fact 
that the theory of Boles and Buck fails to predict the membrane 
resistance correctly (although allowing for the presence of 
negative sites), in conjunction with the very high concentration 
of cations required within the membrane, appears to disprove 
the CES-Boles-Buck approach to the anion exclusion problem. 
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In view of the apparent failure of these models to describe 
adequately all the characteristics of thick membranes, several 
alternative theories have been proposed based on the assumption 
that anions, present within the membrane, are either fixed, or 
of very low mobility, compared to the cation/carrier complexes, 
and that anions from the aqueous solutions are therefore 
excluded by electrostatic repulsion, with the membrane acting 
purely as an ion-exchanger. The anions in the membrane do not 
become involved in the expression for the membrane potential 
due to their low or zero mobility. 
Morf and co-workers (3.80-3.82) have suggested that the 
membrane contains anions which are immobilised within the 
membrane due to poor water solubility. Wuhrmann (3.83,3.84) 
proposes a slightly different. situation whereby the membrane 
extracts anions from the aqueous phase, which then have a low 
mobility within the membrane, and this idea has been supported 
elsewhere (3.85). 
Simon et al (3.86), have carried out electrodiffusion 
experiments on stacked PVC membranes, to determine the carrier, 
cation and anion concentration profiles in the membrane. The 
results support the suggestion that carriers traverse the 
membrane (and as a result must. also diffuse back across the 
membrane to replenish the supply). The work also showed that 
although anions were entering the membrane from the aqueous 
solutions, the quantity doing so was very much smaller (a 
factor of approximately 85) than the quantity of cations doing 
so. The only possible explanations for this are the large 
deviations from electroneutrality suggested by Boles and Buck, 
or that there are other anionic species within the membrane 
providing the balancing charge. 
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Morf suggests that the fact that there is an uneven 
distribution of chloride ions though the membrane stack rules 
out the possibility of fixed sites within the membrane. Also, 
it is suggested that the level of sites present is far in 
excess of what could reasonably be expected from impurities. 
The source of the negative sites is suggested as being OH- ions 
which form conglomerates within the membrane, reducing their 
mobility, corresponding to the idea of anions of low mobility 
entering the membrane from the solution. This theory requires 
an equilibrium of the form, 
K aq + Val m+H2 
Om KVal 
m+ 
OH 
m+ 
H+aq 3.27 
The point where the experimental work supporting this 
theory can be most criticised, is that large voltages (up to 70 
V) were applied to the membrane stack to polarise it. Whether 
results obtained under these conditions can be said to mimic 
those found in a zero current, steady state situation, is not 
resolved. 
Morf (3.87) has extended this idea of mobile negative 
charged sites by dissolving large lipophilic anions into the 
membrane phase, providing trapped ion-exchange sites within the 
membrane. Replacement of possibly extracted anions by 
permanently membrane-soluble anions, such as tetraphenylborate, 
improved the cation response at low salt activities, but did 
not prevent maximum formation and the diminished high activity 
response. It should be noted, though, that experiments with 
unsupported organic solvent membranes with no added carrier 
have shown that such membranes will produce a potential 
response over a limited concentration range (3.88), even though 
no fixed sites are possible, and so the fixed site theory may 
not be universally applicable. 
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On the basis of electrodiffusion measuremenýs, Luch et al. 
(3.89) favour the view that fixed sites are inherent in PVC 
membranes and suggest a concentration of fixed sites of 5.0 
X10 
5 
mol dm- 
3 
with a spacing between sites of approximately 3.0 
X1 -8 m. 
Recently Stover and Buck (3.90-3.92) and Seto et al, (3.93) 
have extended the Teorell, Meyer and Sievers model'to cover 
thick membranes and the model correctly predicts a maximum in 
the response. A model has also been. produced by the same 
authors for membranes with mobile negative sites. 
It is important here to distinguish between results from 
supported liquid membranes, and those from PVC'matrix 
membranes. In supported membranes, the filter support is 
usually of the Millipore type, i. e. cellulose acetate or 
nitrate. Cellulose nitrate filters are well known for their 
ability to act as ion-exchangers (3.94), and cellulose acetate 
membranes are also known to behave as ion-exchangers in 
solutions of low salt concentration (<0.01 mol dm- 
3 ). The 
acetate filters can undergo hydrolysis and oxidation (3.95) 
with the result that protons are lost to the aqueous solutions 
and negative sites remain in the membrane giving rise to the 
ion exchange properties. It is also possible that impurities 
arising as a result of the manufacturing process will provide 
further negative sites. 
PVC membranes, as would be expected, have a completely 
different chemistry, and the structure of the membrane is 
markedly different from the Millipore filter type of membrane. 
As discussed in Chapter 4, in the supported liquid membrane the 
liquid effectively forms a separate bulk phase in the membrane 
pores. In the PVC membranes, however, the membrane presents a 
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single homogeneous phase which is porous at a molecular level. 
The manufacture of PVC is quite different from that of 
cellulose acetate and nitrate polymers, and in plasticised PVC 
there is an even greater scope for creation of negative sites 
from the PVC itself, and from impurities and the plasticiser. 
On this basis it is not unreasonable to assume that the, process 
of anion exclusion, whilst possibly relying on negative sites 
in both cases, arises out of different processes. 
In the light of this body of work supporting the concept of 
sites which are fixed or are of low mobility within the 
membrane, it follows that permeation of the membrane by anions 
which are soluble and therefore mobile in the membrane-phase 
will disrupt the ion-selective behaviour of the membrane. This 
has been proven to be the case on many occasions (3.74, 
3.80-3.82,3.96,3.97). 
The uptake of such ions will result in a large increase in 
the mobility of anions within the membrane and decrease in the 
concentration of free carriers at the membrane/solution 
interface due to the formation of cation-complex/lipophilic- 
anion pairs. This consumption of carriers results in a maximum 
in the response followed by reversal into an anion response. 
3.3.4 Cation Selectivity N 
The above discussion provides a summary of the history of 
the theory of membrane potentials and the state of current 
thinking on the subject. These theories apply to ideal 
neutral-carrier membranes which are solely responsive to the 
cationic primary ion species at low salt activities. 
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Unfortunately real electrodes only obey these equations over a 
limited concentration range, and they are also found in 
practice to be responsive to other species than the primary 
ion. These interferent species all contribute to the membrane 
potential to a greater or lesser extent, and subsequently to 
the apparent primary ion activity as measured. The extent to 
which they affect the electrode response is found to vary 
enormously from one type of electrode to another and it is 
therefore desirable to have a measure of the extent to which a 
given ion will affect a given electrode. In practice, 
empirical, or semi-empirical treatments are required such as 
the Nikolskii-Eisenman equation discussed in Chapter 2. 
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Chapter 4 
Liquid Membranes 
4.1 Introduction 
Liquid-membrane ion-selective electrodes were the first type 
of neutral-carrier electrodes to become commercially available, 
and although now superceded in many commercial applications, the 
liquid membrane system provides a useful environment in which to 
study the mechanism of operation oý the electrode membranes, as 
it is chemically well defined, and full control of the membrane 
composition can be exercised. Using this system therefore, it 
should be possible to obtain meýningful data concerning the 
action of the membrane as an ion selective barrier. 
Early work by Simon and others on sensors based on 
macrotetralide antibiotics (4.1-4.4) led to the first functional 
valinomycin-based electrode, reported by Pioda et al (4.5), 
which incorporated a liquid membrane. Stefanac and Simon had 
investigated electrodes comprising a series of monactin 
homologues (4.2a) and a variety of electrode designs, and found 
that, for liquid membranes, the support which gave the most 
satisfactory results was a sintered glass disk, although 
millipore filters, nylon mesh, and polyethylene sheet were also 
found to be quite effective. These electrodes produced 
calibration slopes close to the theoretical value of 29mV per 
decade for divalent ions. Pioda also tested monactin and, 
nonactin as membrane components but found selectivities of 100 
and 120 respectively for K+ over Na +, whereas the selectivity of 
the valinomycin electrode reflected the large difference in 
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formation constants found for the potassium and sodium 
complexes, and a value of 4000 was reported for the selectivity 
coefficient for potassium over sodium. (The presence of 0.1 mol 
dm- 3 NaCl was found to only reduce the linear range of the 
response to 3.5 decades from 4.2 with the valinomycin membrane). 
Also, the slopes of the calibration plots obtained for nonactin 
and monactin, were found to be 54.5 and 53.0 mV/decade 
respectively, compared to 58.3 +1 mV/decade for valinomycin. 
The electrode used by Pioda utilised a membrane solution 
consisting of the active material dissolved in diphenyl ether 
(4.5), which was given physical support by a porous filter. A 
similar, but more simple design was patented by Ross in 1967 
(4.6), which formed the basis of the first commercially__ 
available valinomycin based electrode, the Orion series 92 
(Orion-92-29) electrode which became available in 1969-1970. 
This electrode was tested extensively by Lal and Christian (4.7) 
who found slopes of approximately 52 millivolts per decade over 
the range 10- 
4_ 10- 1 mol dm- 
3 KC1 with no interferent ion 
present. Slight anion responses were. found for a variety of 
common anions (halides, NO 3 C104 SCN OH HC03-) , but the 
electrode as a whole gave excellent results. This electrode 
body has been widely used in work on ISES and is probably the 
most successful cell design for liquid membrane electrodes to 
date in that a variety of membrane support materials can be used 
with any desired membrane solution. The Orion body was used for 
all studies on liquid membranes reported here. Details of the 
Orion electrode construction, and of some modifications carried 
out are given in Chapter 2. 
The object of this study was to determine the basis of the 
selectivity of the valinomycin electrode, and its anion 
exclusion properties. 
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4.2 Experimental Procedure 
Several types of membrane were investigated in this study, 
using membranes consisting of 2,3-DMNB alone and also with 
various concentrations of valinomycin. Electrodes were 
constructed and tested using alternative support materials to 
the untreated Millipore filter, and an attempt was made to 
fabricate liquid membrane electrodes using the PTFE cell 
constructed for use with the PVC membranes, and with a modified 
cap and spacer for the Orion electrode body (Fig 4.0). 
With the PTFE cell, it was found to be impossible to obtain 
a working electrode, despite attempts to use alternative support 
materials, and supports with different pore sizes. To construct 
the electrode, the support was soaked in the membrane solution 
for 24 hours prior to assembly, to ensure full permeation of the 
2,3-DMNB, but even so, the potentiometric response of the cell 
was poor, and a stable potential could not be obtained. The 
normal interpretation of this would be that leakage of the 
membrane was occurring, allowing direct contact of the two 
aqueous solutions at some point. The cell impedance also showed 
a very low bulk membrane resistance, supporting this idea. 
The main differences between the PTFE cell and the Orion 
body are that the former has no membrane solution reservoir, and 
that the membrane area exposed to the aqueous solutions is much 
larger. It seems that either one of these, or the combination 
of the two is sufficient to disrupt the operation of the 
membrane, although it is possible that the membrane surface area 
is the more important of the two, in view of the fact that the 
Orion body can be operated as a functional ISE with no solution 
reservoir present. 
Fig 4.0a: Standard Orion Series 92 electrode cap. 
Interna 
referen 
electrc 
Screw-on 
cap 
Electrode 
body 
O-Ring 
; pacer 
Fig 4.0b: Modified Orion cap giving larger membrane 
surface area. 
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referei 
electr, 
Screw-on 
cap 
Electrode 
body 
O-ring 
Spacer 
85 
Using the modified Orion cap, similar results were obtained, 
although in this case, the solution reservoir was available to 
the membrane. The surface area of the membrane exposed to the 
aqueous solutions in this situation was approximately five times 
greater than with the original Orion cap, and this increase 
appears to be sufficient for discontinuities to appear in the 
membrane resulting in its loss of function. 
Cell impedances were measured for membranes contacted by 
solutions of either 0.1 mol dm_ 
3 KC1 or NaCl. For all the 
electrodes studied, the membrane impedance was measured at 
regular intervals in order to investigate the time-dependence of 
the bulk membrane resistance and capacitance, and the charge 
transfer resistance and double layer capacitances, after 
exposure to the aqueous solutions. 
Initially, measurements were made using a two-electrode 
configuration as discussed in Chapter 2, but a four-electrode 
system was adopted as soon as the necessary hardware became 
available. Some restrictions on the use of four-electrode cell 
configurations for impedance measurements were found and these 
are discussed later in this chapter. 
The procedure adopted for the measurements on all liquid 
membranes was as follows. Firstly, the membrane solution was 
allowed to achieve room temperature (all samples were stored 
desiccated at 00C to minimise degradation of the valinomycin). 
The electrode was assembled as outlined in Chapter 2, and all 
impedance measurements were then carried out. Single-ion 
responses and other potential measurements were made after all 
impedance measurements were completed, finally being followed by 
the determinaton of the mixed-ion response. In this way, 
electrodes were exposed only to a single cationic species for 
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all measurements, prior to the assessment of the mixed ion 
response, so that no contamination or memory effects from 
interferent ions could occur which would invalidate any of the 
results. 0 
The time dependence of all electrodes was followed for a 
period of three days (72 hours) after initial solution contact 
to ensure that any variation in the cell impedance had ceased 
and that a steady state had been reached. The low frequency 
impedance spectrum was then recorded. Periodically electrodes 
were not disassembled after measurements were completed, and the 
membrane impedance was measured after several weeks to ensure 
that the final steady state had in fact been achieved. In all 
cases three days was found to be a sufficient length of time for 
this to be achieved. 
4.3 Liquid membranes: Expected Equivalent Circuits 
The general equivalent circuit which might be expected for 
an ion selective membrane is discussed in Chapter 1. It is 
suggested that at the high frequency end of the impedance 
spectrum, a single semicircle would be expected to appear, 
representing the parallel combination of the bulk resistance, 
Rb, and the geometric capacitance, C 9* 
For a supported liquid 
membrane it is possible that the situation may be more complex, 
due to the presence of the support material. If the dielectric 
constant and resistivity of the support material differs greatly 
from those of the membrane solvent, then it is possible that the 
bulk of the membrane would give rise to two semicircular 
features in the complex plane, one due to the solvent which 
occupies the pores in the membrane, and another due to the 
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membrane material itself. The extent to which these two 
possible features would be separated depends on the difference 
between the time constants for the two networks (this is 
discussed in Chapter 1). If both the solvent and support had 
similar time constants, then it is unlikely that both features 
could be deconvoluted, and only a single arc would be present, 
having a resistance which was the sum of the solvent and support 
resistances. 
Even this may not adequately describe the membrane. Buck 
(4.8) has suggested that hydration of the support material 
occurs once the electrode is exposed to the aqueous solutions, 
but the effects of this hydration are not clearly defined. 
Permeation of the organic phase within the membrane pores by 
water from the aqueous solutions could also be involved. If 
this was not accompanied by the permeation of ionic species, the 
net result would be an increase in the dielectric constant of 
the organic phase resulting in an increase in the capacitance. 
It seems unlikely, however, that such permeation would take 
place without the concomitant uptake of ionic species by the 
membrane. 
It is necessary to assume an idealised model of the membrane 
based on the following assumptions. For the sake of simplicity, 
it must be assumed that the membrane contains cylindrically 
symmetrical pores which are filled by the organic membrane 
solution and travel all the way through the membrane from one 
surface to the other. It must also be assumed that the rest of 
the membrane consists of a smooth sheet of the cellulose acetate 
material of uniform thickness. 
initially, on first contact with the aqueous solutions, the 
filter support will be completely unhydrated (ignoring hydration 
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from atmospheric water) as illustrated in Fig 4.1a. In this 
case, the equivalent circuit would be expected to be as shown in 
Fig 4.1b, with two parallel RC networks in parallel with each 
other. It is reasonable to assume that as hydration occurs, the 
thickness of the membrane as a whole will increase due to 
swelling of the hydrated regions which will in turn result in an 
increase in the length of the pores. Assuming that the support 
material does not swell inwards and reduce the pore diameters, 
this will cause an increase in the total volume of the pores, 
which will remain filled by replenishment from the reservoir of 
membrane solution. The result of this process would be a 
decrease in the capacitance, and an increase in the resistance 
of the material in the pores due to the increase in thickness. 
As these are purely geometric changes, and resistance and 
capacitance vary inversely with each other, the time constant 
for the R1 /Cl parallel network representing the liquid in the 
pores would remain unchanged (assuming that there is no water 
uptake by the 2,3-dimethylnitrobenzene, and consequently no 
change in the resistivity of the material). 
The effect of hydration on the other half of the circuit, 
will be to introduce a second parallel network in series with 
the R2 /C 2 network as shown 
in Fig 4.2a and 4.2b. Initially, as 
the hydrated layer will be very thin, its resistance will be 
very small and its capacitance will be large. As the thickness 
of the hydrated layer increases, the thickness of the unhydrated 
region will decreasd, but the net result would be an overall 
increase in the thickness of the membrane as a whole. 
The effect of these processes on the total impedance of the 
membrane is not easy to determine except in general terms. The 
resistance of the hydrated layer will increase with its 
Fig 4.1a: Schematic diagram of a porous cellulose acetate 
membrane, with pores filled with an organic solvent. 
,f 
Fig 4.1b: Equivalent circuit for the system shown in Fig 4.1a. 
X 
Fig 4.2a: Schematic diagram of a porous cellulose acetatE 
membrane with hydrated surface layers and pores 
filled with an organic solvent. 
Fig 4.2b: Equivalent circuit for the system shown in Fig 4.2a. 
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thickness and its capacitance will decrease, whereas the 
resistance of the unhydrated bulk region will decrease, and its 
capacitance will increase with time. To assign absolute values 
to these effects is very difficult, as the magnitude of each 
change depends on the extent to which the cellulose acetate 
swells on hydrating, the resistivity of the hydrated layer 
compared to that of the dry acetate, and the actual thickness of 
the hydrated layer. It is likely that the time constants for 
all three processes will be sufficiently close for it to be 
difficult to resolve the separate features in the complex plane 
plot. As a result, it is unlikely that detailed information 
about this aspect of the membrane structure can be obtained from 
impedance measurements. 
A further complication could also arise from the fact that 
the vertical orientation of the membrane cell is likely to give 
rise to a layer of nitrobenzene solution on the underside of the 
filter (Fig 4.3), which would further affect the impedance of 
the R1 /Cl network representing the nitrobenzene phase, although 
the equivalent circuit would probably still be similar to that 
shown in Fig 4.2b. 
The general predictions of this model are as follows: 
i. If hydration of the membrane support does occur, then it 
is likely that this will be evident in the impedance behaviour 
of the membrane. Due to the thickening of the membrane as a 
whole, the most easily identifiable effect on the membrane 
impedance will be an increase in the total membrane resistance. 
ii. In view of the complicated nature of the equivalent 
circuits discussed above, it is unlikely that all (if any) of 
the processes associated with swelling of the membrane will be 
separately identifiable, and that the abovementioned increase in 
Fig 4.3: Schematic diagram of a horizontally-orientated porous 
cellulose acetate membrane with hydrated surface layers 
and pores filled with an organic solvent. 
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resistance will be the only result of this effect which can be 
clearly detected from the complex plane impedance plot. 
Considering the membrane-solution interfaces, -the expected 
impedance behaviour depends solely on the extent to which charge 
transfer across the interface occurs. If the interface acts in 
the same way as a classical blocking electrode and no ions can 
traverse the boundary between the two phases, then the interface 
should appear as a pure capacitor in the impedance plot. If the 
passage of ions does occur to any extent however, the charge 
transfer processes will manifest themselVes as a parallel 
network as discussed in Chapter 1. 
4.4 Results of Measurements on Membranes Comprising 2,3-DMNB 
Alone 
Results of both potentiometric and impedance measurements on 
pure solvent (2,3-dimethylnitrobenzene) are given in this 
section. 
The resistance of the pure solvent membranes is sufficiently 
large to be at the limit of the range of the FRA. As a result 
of this, it would be unwise to attempt a highly detailed 
analysis of the data for these membranes, as these results are 
inevitably subject to larger errors than would be present with 
systems possessing a lower resistance, although interpretation 
of the data in general terms can yield useful information. 
4.4.1 Potential Response 
The potential response of the membranes containing no 
valinomycin was not studied in detail, however several 
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electrodes were fabricated for the purpose of limited potential 
measurements, and single-ion responses were measured with KC1 
solutions. The reference electrode used for the potential 
measurement was a saturated calomel electrode with a3 mol dm -3 
tetramethylammonium chloride salt bridge. 
The response of the pure solvent membranes was found to be 
poor, with slopes of only 30-35 mV/decade over the range 10- 
1 
10- 3 mol dm- 
3 KC1. Handyside (4.9) reported a wide range of 
slopes for pure solvent membranes, and found an apparent 
dependence on the type of experimental arrangement used. It was 
suggested that the controlling factor in the absence of 
valinomycin is the extent to which the-support material can 
provide negative sites to achieve good anion exclusion, although 
a high degree of variability was reported. 
4.4.2 Impedance Measurements 
Figs 4.4a and 4.4b show typical steady-state impedance plots 
obtained for membranes contacted by 0.1 mol dm_ 
3 KC1, after 
three days. Fig 4.4a shows a plot obtained using the 
two-electrode cell connected to the 1174 alone and Fig 4.4b 
shows the continuation of this run down to a low frequency using 
the 1186 coupled to the 1174 in a four-electrode configuration. 
The apparent difference in, bulk resistance between the two runs 
is due to the time dependence discussed below, there being a 
necessary time delay between the commencement of the high 
frequency runs and the low frequency run. Fig 4.5 shows a 
complete spectrum obtained for a membrane contacted by 0.1 mol 
dm- 3 NaCl. In both cases, the magnitude of the bulk impedance 
is sufficiently high to exceed the range of the FRA, although 
a 
5 
0 
2 
Fig 4.4a: Two-electrode Impedance spectrum for a pure 2,3-DMNB 
membrane contacted by 0.1 mol dm- 
3 KC1 solutions. 
2 
I- Ca 
-4 
x 
a 
N 
010-1 Hz 
Fig 4.4b: Four-electrode Impedance spectrum for a pure 2,3-DMNB 
membrane contacted by 0.1 mol dm-3 KC1 solutions. 
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the use of the 1186 coupled to the 1174 allows measurements to 
be made beyond the normal range of the 1174 alone. Using t. his 
facility and a four-electrode configuration, the imp'edance of 
the membrane system could be followed until a steady state was 
reached. This also allowed the low frequency behaviour of the 
membranes to be recorded, although as can be seen, Figs 4.4 and 
4.5 show that the low frequency regions of the spectra are not 
well defined. 
From Figs 4.4 and 4.5, it can be seen that there are two 
main features in the impedance spectrum (apart from the solution 
resistance), a feature at higher frequencies which is 
attributable to the membrane bulk and'one at lower frequencies 
which can be attributed to the processes occurring at the 
membrane/solution interface. It is apparent that the time 
constants for the separate regions present in the bulk membrane 
are very similar as suggested in section 4.3, and that 
resolution of the bulk membrane features into separate 
semicircles is not possible. In view of this, no definite 
conclusion can be drawn concerning the exact structure of the 
bulk membrane, as discussed above. It is reasonable, however, 
to take the point where the impedance locus returns to the real 
axis as representing the total membrane resistance and on this 
basis several conclusions can be drawn. 
For both the membranes contacted by KC1, and those contacted 
by NaCl, there is an increase in the total bulk 
time, and this supports the suggestion proposed 
that hydration'of the membrane support material 
with other associated processes which cannot be 
the impedance data. 
I From the very high"bulk'resistance, it can 
resistance with 
in section 4.3, 
occurs, possibly 
resolved from 
oe concluded that 
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the pure solvent membrane contains few free charge carriers, 
even after equilibration with the aqueous solutions. If there 
were any appreciable level of charge-carrying species within the 
membrane, the bulk resistance would be expected to be several 
orders of magnitude lower. The idea that there are few charge 
carriers present within the membrane is also supported by the 
low frequency data, from which it can be seen that the charge 
transfer resistance is very high, with both K+ and Na+ as the 
cationic species in the aqueous solutions. This indicates that 
the exchange current for the transfer of both sodium and 
potassium across the membrane solution interface is very -low, 
and that little exchange (if any) is occurring either initially, 
or after the equilibration period. This result is in agreement 
with Shoami et al. (4.10), who found that the energetics of ion 
transfer for alkali metal ions from aqueous solutions to an 
organic medium, such as nitrobenzene derivatives, is very 
unfavourable and that such transfer is unlikely to take place. 
4.5 Results of Measurements On Membranes Containing Valinomycin 
Membranes were fabricated as previously, but with 
concentrations of valinomycin of 0.009 mol dm-3,0.0045 mol 
dm_ 3,0.002 mol dm_ 
3 
and 0.0009 mol dm_ 
3 (0.009 mol dm-3 being 
the concentration used by Pioda et al (4.5) in their original 
work on vaýinomycin-based liquid membranes). For all the 
membranes, the single- and mixed-ion responses were assessed, 
and the cell impedance was measured at regular intervals over a 
period of time, to establish the time-dependence of the 
equivalent circuit parameters. Results of these measurements 
are given in separate sections below. 
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4.5.1 Potential Response 
The K+ single-ion response of the membranes containing 
valinomycin was investigated using a saturated calomel reference 
electrode and a tetramethylammonium chloride bridge, and similar 
results were found for all concentrations of valinomycin used. 
The membranes showed slopes of approximately 55mV/decade over 
the range 10- 
2_ 10- 4 mol dm_ 
3 KC1 as found by Handyside (4.9). 
The mixed-ion response of the membranes containing 
valinomycin was also investigated with 0.1 mol dm-3 NaCl 
interferent, and although the slopes of the potential vs log(K + 
plots were poorer than for the calibration plots, the mixed-ion 
response was still found to be quite good over a limited range 
(55mv/decade over the range pK+ 1.5 - 3.5). 
4.5.2 Impedance Measurements On Membranes Contacted. ýy KC1 
Solutions 
Figs 4.6-4.9 show the impedance spectra obtained for 
membranes with valinomycin at the above concentrations, in 
contact with 0.1 mol dm- 
3 KC1. All the data shown are the 
final, steady-state spectra obtained three days after first 
solution contact, and Tables 4.1-4.4 show the variation of the 
membrane equivalent circuit parameters with time for the four 
different membranes. 
Fig 4.6 shows the impedance spectrum taken after 72 hours 
for the membrane containing 0.009 mol dm_ 
3 
valinomycin. The 
spectrum shows a single semicircle at, high frequency, covering 
the approximate range 999.9 kHz to 0.1 Hz, and in the 
lower-frequency region of the plot which runs down to 10-2 Hz a 
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Table 4.1: Time Dependence Of Membrane Impedance For 2,3-DMNB 
Membrane Containing'O. 009 mol dm- 
3 Valinomycin 
t/hours Rb /10592 w1* max 
/Hz 
------------------------------ 
1 2.32 25040 
2 2.18 if 
3 2.09 
4 1 . 94 
5+ 1.91 
72 1 . 92 
+ After five hours the membrane resistance did not 
show any further change. 
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second feature is clearly visible. From the discussion in 
section 4.3, and the results presented in section 4.4, the high 
frequency feature can be identified as being due to the bulk 
membrane, and the lower frequency one as being due to the 
interfacial processes. The bulk resistance of the membrane was 
found to decrease with time, after contact with the aqueous 
solutions, and from Table 4.1 it can be calculated that the 
overall decrease in Rb over the 72-hour period was approximately 
17%. 
Fig 4.7 shows the spectrum for the second membrane, 
containing 0.0045 mol dm- 
3 
valinomycin. This plot differs from 
that shown in Fig 4.6 in that a distortion is visible in the 
bulk semicircle, towards its low-frequency end, and also in that 
a second feature is visible at intermediate frequency. The 
low-frequency region of the spectrum is similar to the 
corresponding region of Fig 4.6, although the charge-transfer 
semicircle has a larger resistive component. As with the 
membrane containing 0.009'mol dm_ 
3 
valinomycin, a reduction in 
the total-bulk res. istance with time was found, and, as can be 
seen from Table 4.2, the magnitude of the reduction in this case 
was approximately 30%. The initial and final bulk resistance of 
the membrane are also higher than the corresponding values for 
the previous membrane. 
Fig 4.8 shows the spectrum for the membrane containing 0.002 
mol dm -3 valinomycin, which shows features similar to those 
exhibited in Fig-4.7, although this particular spectrum was not 
continued to sufficiently low frequency for the charge-transfer 
semicircle to be fully resolved. In this case, the bulk 
resistance fell by 37% from its initial value over the three-day 
period, and the initial and final bulk resistances were found to 
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50 
co * /Hz b1 max 
------------------------------ 
1 3.60 15780 
2 3.55 11 
3 3.37 
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5 3.11 
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11 2.72 
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Table 4.3: Time Dependence Of Membrane Impedance For 2,3-DMNB 
-3 
Membrane Containinq 0.002 mol dm Valinomycin 
t/hours R /10 
5Q 
/Hz 
b1 max 
------------------------------ 
1 5.81 15800 
2 4.96 11 
3 4.91 
4 4.67 
5 4.47 
6,4.38 
7 4.29 
8 4.14 
9 4.05 
10 3.93 
11 4.01 
12 3.87 
13 3.59 25040 
14 3.80 11 
15 3.74 15800 
16 3.65 
17 
18 3.62 
19 3.59 
20 3.56 
21 3.50 
22 
23 
24 
72 
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be greater than for both the previous two cases. 
Fig 4.9 shows the spectrum for the membrane containing 
0.0009 mol dm_ 
3 
valinomycin. Similar features are present in 
this plot as found with the previous two membranes, and the bulk 
resistance was again found to decrease with time. The 
percentage decrease in Rb was found to be 37%, as for the 
membrane containing 0.002 mol dm- 
3 
valinomycin, although the 
initial and final bulk resistance values were higher than for 
all the other membranes. The value of the charge-transfer 
resistance is also clearly much greater for this membrane. 
These results are discussed below. 
4.5.2a High Frequency Features: The Bulk Membrane 
The bulk resistance values obtained for the membranes in 
contact with 0.1 mol dm- 
3 KC1 solutions are summarised in Table 
4.5. These data show several interesting features, from which a 
number of conclusions may be drawn. 
Firstly, these results show that there is a decrease in bulk 
resistance with time for all the membranes studied. This is in 
complete contrast to the membranes which contained no 
valinomycin, which showed an increase in Rb with time. 'From the 
data presented in this section, for the membranes containing the 
ionophore, it seems to be the case that the increase in Rb which 
is exhibited by the blank membranes is offset completely by a 
decrease due to the uptake of potassium into the membrane, 
completely masking the geometrical effects. 
A second interesting aspect of the variation of the bulk 
resistance with time, is the fact that as the concentration of 
valinomycin in the membrane was reduced, the percentage decrease 
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in Rb became greater. This seems to indicate that the higher 
the valinomycin concentration, the faster the membrane reaches 
equilibrium with the aqueous solutions, so that with the highest 
concentration, the equilibration process was largely complete 
when the first impedance measurements were made. This is also 
supported by the fact that the time taken to reach equilibrium 
with the contacting solutions increased with decreasing 
valinomycin concentration. The exception to these observations 
was the membrane with the lowest valinomycin concentration, 
which showed a percentage reduction in Rb similar to that of the 
membrane with approximately double the concentration of 
valinomycin, although the final bulk membrane resistance was 
reached more quickly than with the next highest valinomycin 
concentration. A likely explanation for this anomaly, is that 
with the lowest concentration of valinomycin, the inherent 
increase in hb shown by the membranes in the absence of the 
ionophore is not completely masked, resulting in the percentage 
reduction in Rb being less-than expected. This would also 
result in the equilibrium'with the aqueous solutions appearing 
to be reached in a shorter time. 
Finally, it can be seen that as the concentration of the 
valinomycin in the membrane is reduced, both the initial and 
final bulk resistance of the membrane become larger. The 
initial and final values for Rb are shown plotted against the 
concentration of valinomycin in the membrane, in Fig 4.10a, and 
Fig 4.10b shows In (R b) vs. the valinomycin concentration. 
From these plots, it is clear that no simple relationship holds 
between these two variables, which is perhaps not surprising 
when the complexity of the membrane structure is considered. 
The fact that there is a decrease in bulk resistance with 
Fig 4.10a: Variation of Rb with Valinomycin concentration for 
membranes contacted by 0.1 mol dm- 
3 KC1 solutions. 
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increasing valinomycin concentration can be explained on the 
basis of the assumption that the greater the valinomycin 
concentration, the more potassium can enter the membrane, and 
therefore, a larger number of charge carriers are present. It 
would be expected that the Rb values w ould approach a limiting 
value similar to the value obtained for the membranes containing 
no valinomycin, and this appears to be the case from Fig 4.10a. 
it is possible that the apparent non-linearity of the 
relationship between Rb and the concentration of the valinomycin 
is due to the geometric effects cancelling out or being 
insufficiently masked by the decrease due to potassium uptake. 
The nature of the separate bulk membrane features which are 
manifest at high frequencies in the membranes with all but the 
highest valinomycin concentration, can be explained by the model 
proposed in section 4.3. The question of which of these 
features in the impedance plot relates to which of the bulk 
membrane phase regions, is not easy to resolve. Fig 4.11a shows 
the impedance spectrum for the membrane containing 0.0045. mol 
-3 dm valinomycin as measured after 24 hours, with a possible fit 
of three semicircles to the experimental data. A theoretical 
plot for three parallel networks in series is shown in Fig 
4.11b, but, as suggested in section 4.3, it is possible that the 
equivalent circuit consists of two parallel networks in series 
which are in parallel as a whole with a third network (Fig 
4.2b). 
Further, detailed, analysis of the structural implications 
of these data is not practical beyond assigning time constants 
to the three processes identified, due to the uncertainty in the 
membrane thickness when in the cell and the amount of the 
membrane surface area associated with each region. 
Fig 4.11a: Visual fit for three semicircles to Fig 4.7. 
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Theoretically, the dielectric constant for each region can be 
calculated from the following equation, 
E= Cl 
EA 0 
4.1 
where E is the dielectric constant of the medium, E0 is the 
permittivity of free space, C is the measured capacitance, l is 
the membrane thickness, and A is its' area, but without detailed 
knowledge of 1 and A, calculations are of little use. 
Time constants for the various processes shown in Fig 4.11 
are given in table 4.6. 
4.5.2b Low Frequency Features: Interfacial Processes 
As discussed in the previous section, there is a low 
frequency structure present in all the spectra for all four 
membrane types, and this can be related to the interfacial 
processes. Fig 4.6 shows that the charge-transfer resistance 
for the membrane with the highest valinomycin concentration is 
15 -3 approximately 10 ohms. For the membrane with 0.0045 mol dm 
valinomycin, the value is larger, approximately 1.2 x 10 
5 
ohms. 
For the two membranes with lower valinomycin concentrations, 
the charge transfer resistance is much larger. For the membrane 
-3 containing 0.002 mol dm valinomycin, the region is less well 
defined, but the value is evidently larger than for the two 
higher concentrations. For the lowest concentration R ct 
has 
increased to a value of approximately 1 Mohm. 
Table 4.7 gives a summary of the measured Rct values 
obtained from these four plots, and the data are shown 
graphically in Fig 4.12. 
. 411h 
Table 4.6: Equivalent Circuit Parameters for Fig 4.11b 
R/rL c /f-- 
1.30 X105 -1.25 x10-10 
7.00 X104 2.00 X10-9 
1.25 X104 1.50 X10-6 
Table 4.7: Summary of Final, Steady-State R ct 
Values for 
2,3-DMNB Membranes Containinq Valinomycin 
Contacted By 0.1 mol dm- 
3 
KC1 Solutions 
Ratio Rel. 
[Val) Val, R 
ct 
f in/,, R 
ct 
f in/,, 
----------------------------------------- 
0.0090 10 10 x10 
5 1 
0.0045 5 1.2 x10 
5 1.2 
0.002 2.2 5.0 x10 
5 5.0 
0.0009 lý >1.0 x10 
6 
10.0 
,, OTxSWHO /13ý1 
N 
114 
CD 
6 
ÜD 
d 
(NJ 
6 
1? 
.1 
x 
0 
-J 0 
-J 
> 
U) 
0 
z 
ý4 
0 
44 
0 
0 
. rq 
4J 
M 
ý4 
4j 
Lo 
C: 0 
0 -ri 
41 
z 
. rq 0 L12 
0u 
r--l m 
ro I 
> 
. r., 4-3 r-I 
. ri 0 ý: Ei 
4. J V- L) 
P4 
44 >i 
04 
z rc$ 
0 (v 
-r-I 4J 
4-) 0 
fo fd 
-ri 4-3 
ý4 V. 
ro 0 
>U 
Ol 
. ri 
rX4 "t 
C\J ta co co "t C\j 
14 14 14 66 rý 15i 
100 
As might be expected, increasing the valinomycin 
concentration in the membrane appears to increase the rate at 
which charge transfer occurs across the membrane-solution 
interface, and, in fact, it is apparent that a tenfold increase 
in valinomycin concentration results in a tenfold increase in 
the exchange current, and a simple linear relationship holds. 
The fact that the R ct value 
for the 0.0045 mol dm_ 
3 
membrane is 
not exactly twice that of the 0.009 mol dm-3 membrane can 
reasonably be put down to experimental error. These results are 
discussed further in the final summary presented in section 4.8 
4.5.3 Impedance Measurements On Membranes Contacted 12Z NaCl 
Solutions 
In addition to the measurement of the potentiometric 
response of the 2,3-dimethylnitrobenzene/valinomycin membrane 
and investigation of its impedance behaviour in contact with 
solutions of the primary ion, a series of experiments was 
performed to establish the impedance of the system when in 
contact with solutions of the interferent ion, sodium, alone. 
Membranes were studied with two different valinomycin 
concentrations, corresponding to two of the membranes used for 
measurements with KC1 contacts. The concentrations used were 
0.009 mol dm_ 
3 
and 0.0045 mol dm_ 
3 
valinomycin and the membranes 
were contacted by 0.1 mol dm-3 NaCl solutions., The membranes 
were fabricated as previously described, and the time dependence 
of the cell impedance was followed as for the membranes with KC1 
contacts. 
Figure 4.13 shows the final, steady-state spectrum recorded 
after three days for the membrane with the higher valinomycin 
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Table 4.8: Time Dependence Of Membrane Impedance For 2,3-DMNB 
-3 Membrane Containinq 0.009 mol dm Valinomycin 
-3 With 0.1 mol dm NaCl Contacts. 
t/hours Rb 1106n (a 1* max 
/Hz 
------------------------------ - 
1 1.88 6298 
2 2.77 3971 
3 3.22 It 
4 3.47 to 
5 3.56 It 
6 3.72 it 
7 3.80 
8 3.93 
9 4.05 
10 4.11 
11 4.14 
12 4.15 
13 4.16 
14 4.17 
15 4.16 
16 4.18 
17 4.16 
18 4.18 
19 4.19 
20 4.20 
21 4.19 
22 4.20 
23 4.20 
24 4.21 
72 4.50 If 
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concentration, and Fig 4.14 shows the corresponding spectrum for 
the membrane containing 0.0045 mol dm- 
3 
valinomycin. 
The general features of the spectra for the two membranes 
are similar to those of the valinomycin-containing membranes 
when contacted by KC1 solutions, a large semicircle at high 
frequency, and a second structure at lower frequency. These 
features can be interpreted in the same way as for the membranes 
contacted by KC1, with the high frequency feature representing 
the bulk membrane, and the low-frequency feature, the 
interfacial charge-transfer processes. 
4.5.3a High Frequency Features: The Bulk Membrane 
Tables 4.8 and 4.9 show the variation of the bulk resistance 
with time for both membranes, from which it can be seen that in 
contrast to the corresponding membranes contacted by KC1 
solutionsr in both cases there is an increase in Rb with time. 
For the higher valinomycin concentration, the increase is of the 
order of 180%, and for the lower concentration, the increase is 
approximately 60%. 
There are also other differences between these spectra and 
those obtained for the corresponding membranes contacted by KC1 
solutions. In the present case, the membrane bulk resistance is 
approximately one order of magnitude larger than for the 
situation where KC1 contacting solutions were employed. This 
indicates that there are fewer charge carriers present within 
the membrane when it is contacted by NaCl. From this, it 
appears that ions from the NaCl solutions do not enter the 
membrane to such a great extent as those from the KC1, if at 
all. 
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Table 4.9: Time Dependence Of Membrane Impedance For 2,3-DMNB 
-3 Membrane Containing 0.0045 mol dm Valinomycin 
With 0.1 mol dM- 
3 
NaCl Conýacts. 
t/hours R /10 6D /Hz 
b1 max 
------------------------------ 
1 3.63 10 
2 
2 4.27 
3 4.63 
4 4.78 
5 4.84 
6 4.88 
7 4.93 
8 4.98 
9 4.97 
10 5.01 
11 4.99 
12 5.06 
13 5.05 
14 5.07 
15 5.10 If 
16 5.09 it 
17 5.10 11 
18 5.10 If 
19 5.11 it 
20 5.12 
21 5.06 
22 5.11 
23 5.12 
24 5.12 
72 5.08 
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The increase in bulk resistance is similar to that found for 
membranes containing no valinomycin, but it is not clear why one 
membrane should experience a much larger increase relative to 
its initial resistance than the other. It is possible, however, 
that trace impurities of potassium in the sodium chloride 
solutions could affect the results for these membranes, although 
every effort was made to exclude potassium from the cells. 
The membrane with the higher valinomycin concentration shows 
a lower bulk resistance, as was found for the membranes 
contacted by KC1, although in this case, the resistance of the 
membrane is still much higher than the corresponding membrane 
when contacted by KC1 solutions. In the latter case, this ' 
reduction in resistance was attributed to the presence of more 
charge carriers due to greater take-up of potassium by the 
membrane in the presence of a higher valinomycin concentration. 
if this were the case for the membrane when in contact with NaCl 
solutions, the charge-transfer resistance should reflect the 
greater rate of exchange of ions between the membrane and the 
aqueous phases. 
4.5.3b Low Frequency Features: Interfacial Processes 
For both membranes investigated, the magnitude of the 
charge-transfer resistance is in excess of jx106 ohm. These 
results are similar to those found for the membranes containing 
no valinomycin, and in complete contrast to the results for the 
membranes with KC1 contacts. From the high value of R ct, 
it is 
apparent that the sodium ions cannot enter the membrane with any 
greater ease when valinomycin is present than when there is no 
valinomycin in the membrane, and this is as would be expected 
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from the relative formation constants for the two complexes 
concerned. 
The bulk resistance is lower than for the pure solvent 
membrane, however, and this must be due to an increase in the 
number of charge-carrying species within the organic phase. 'In 
the present case where the membrane shows such a high 
charge-transfer resistance, it seems unlikely that this 
reduction is due to the uptake of sodium ions, and the fact that 
the membrane shows lower resistance with the higher valinomycin 
concentration suggests that the valinomycin itself is a possible 
source of charge-carriers. 
4.5.4 Summary 
From the above results several conclusions can be drawn. 
The reduction in the, bulk resistance of the membrane when 
contacted by solutions of the primary ion agrees with results 
reported by Buck (4.11) who found a similar effect for 
nitrate-selective membranes, and would be expected for a 
membrane taking up charge-carrying species from solution. 
From the difference in charge transfer resistance and bulk 
resistance for the membranes when contacted with KC1 compared to 
when they are contacted by NaCl, it appears that the potassium 
can enter the membrane with much greater ease than-the sodium 
ions. - The extent to which the sodium ions are taken up by the 
membrane is not clearly defined, as impurities in the 
valinomycin or in the-sodium solutions could account for the 
difference between the membranes containing valinomycin when 
contacted by NaCl and the corresponding membranes containing no 
valinomycin. 
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The ratio of the charge transfer resistances appears to 
reflect the selectivity of the membrane for potassium over 
sodium, and it seems that this can therefore be explained 
largely on the basis that very few ions can enter the organic 
phase without the aid of the neutral carrier. The carrier must 
act at the membrane solution/interfaceýand allow solubilisation 
of the potassium in the organic phase, as is generally supposed 
in theoretical treatments of the liquid membrane electrodes, 
whilst not having any effect on the sodium ions due to the low 
stability of the Na+/valinomycin complex. 
The mechanism whereby the potassium is balanced electrically 
within the membrane is not clear. Handyside (4.9) suggested 
that hydration of the filter support gives rise to negative 
sites on the support itself, which balance the positive charge 
of the valinomycin complex as discussed in Chapter 3. It would 
seem that, from the impedance measurements, hydration of the 
support does occur, applying the model proposed in section 4.3, 
and so it is possible that this is the source of the balancing 
charge, although it is also possible that the valinomycin itself 
may introduce charge-carrying species into the membrane. 
Another likely source of balancing charge is from chloride ions 
entering the organic phase along with the potassium. If this 
were the case, then slopes of less than the theoretical 
Nernstian 59 mV/decade would be expected. From the selectivity 
data given, where sub-Nernstian calibration slopes were found, 
it seems possible that this mechanism also plays a part in the 
charge balancing process, although the extent to which each 
possible mechanism contributes to the electroneutrality cannot 
be precisely determined. 
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4.6 Membranes with Treated Millipore Filter Supports 
From the impedance and potentiometric data presented above', 
it seems likely that both hydration of the membrane support and 
uptake of chloride ions from the aqueous solutions are involved 
in the mechanism by which the electroneutrality of the membrane 
interior is maintained. In view of this, attempts were made to 
improve the anion exclusion properties of the membrane. The 
commercial Orion series 92 potassium electrode incorporates a 
special filter support for use with the potassium 
liquid-membrane solution, although the precise nature of the 
support is unknown. It has been suggested (4.12) that the 
support material is pre-treated with valipomycin or with some 
material which would assist in the exclusion of anionic species 
from the membrane and consequently improve the performance. 
Davidson (4.12b) attempted to treat Millipore filters with 
salts of the tetraphenylborate anion to improve the slope of the 
calibration curve for various liquid membranes with some degree 
of success'although the results were not conclusive. 
In this section, impedance spectra are reported for 
membranes comprising valinomycin in 2,3-dimethylnitrobenzene, 
with different types of support other than the Millipore filter. 
The supports used were the Orion Series 92 potassium-selective 
membrane support, and a variety of Millipore filters treated in 
different ways with tetraphenylborate anions. 
4.6.1 Orion Valinomycin Membrane Support 
The potentiometric response of the Orion potassium electrode 
was found to be as reported elsewhere, with a near-Nernstian 
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response (a slope of approximately 60 mV/ decade) over a wide 
range of primary ion concentrations (10- 
1- 10- 4 mol dm- 
3 ). 
The impedance spectrum of the electrode was investigated by 
Handyside using the standard Orion body with two electrodes. 
The low-frequency region of the spectra was not well defined 
however, and from spectra obtained for silver/silver chloride 
electrodes shown in section 2.8, it would appear that much of 
the low frequency behaviour reported previously could be 
attributed to the internal reference electrode and counter 
electrode. 
Fig 4.15 shows the spectrum as measured with a 
four-electrode cell, which clearly shows two semicircular 
structures at high frequency, and there is also evidence of a 
third, low-frequency structure. The time dependence of this 
electrode in contact with KC1 was similar to that found for the 
membranes with an untreated Millipore support, in that there is. 
a reduction in the bulk impedance of the membrane with 
increasing time. Even with four-electrode measurements, the low 
frequency region is less well defined than for the untreated 
filter support electrode. The interpretation of the results is 
discussed with the results of measurements on the membranes with 
other supports in section 4.6.3. 
4.6.2 Millipore Filters Treated with Tetraphenvlborate Salts 
Various methods were investigated for treating the filter with 
tetraphenylborate. These were as follows. 
i. Immersion of the filter in a saturated aqueous solution 
of the sodium salt of the anion, followed by drying in a 
desiccator over silica gel. 
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ii. Repeated application of single drops of saturated aqueous 
NaBPh 4 solution to the filter followed by drying after the 
addition of each drop. 
iii. Treating the filter in a similar way to that described in 
ii. but using a solution of the anion ten times more dilute. 
iv. Treating the filter with a solution of the potassium salt 
of the membrane in solution in diethylether as in ii. and iii. 
above. 
It was found that the solutions of the potassium salt caused 
discoloration and appeared to distort the filter. Attempts were 
made to fabricate electrodes using these supports but it was 
found that the electrodes leaked, presumably due to damage to 
the filters. Of the methods used for sodium tetraphenylborate 
treatment, it was found that the most successful method was iii. 
above. The other methods produced discoloured membranes which 
had a layer of the salt on the surface which was visible to the 
naked eye, and it was apparent that the solution had not 
permeated the filters to the same extent as for those which had 
been completely immersed. It appeared that the solution 
evaporated before the liquid had fully permeated the support. 
The filters which were immersed in the solution were left for 48 
hours before drying, and, surprisingly there was no evidence of 
a surface layer of the salt. 
Attempts were also made to exchange the sodium in these 
filters for potassium by soaking them in 0.1 mol dm- 
3 KC1 
solution. For the filters which had been immersed in the 
saturated solution of the salt, this resulted in the growth of 
crystalline dendrites from the membrane surface rendering the 
filters unusable, although using very dilute potassium solutions 
reduced this effect considerably. For the filters prepared 
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using the more dilute salt solution, better results were 
achieved, and the exchange did not give rise to any dendrites. 
In view of these findings, only electrodes fabricated using 
the sodium-treated membranes were further investigated. The 
mixed-ion potential response of the cell after equilibration 
with 0.1 mol dm -3 KC1 was found to be greatly improved by the 
treatment of the support material, electrodes typically showing 
Nernstian responses over a large concentration range similar to 
those found for the Orion electrode. 
A typical final, steady-state impedance spectrum for a 
membrane with a treated Millipore support is shown in Fig 4.16. 
This spectrum was measured with the membrane in contact with 0.1 
mol dm- 
3 KC1 solutions on both sides, and was of necessity 
measured after equilibration with KC1 solutions of the same 
concentration. 
4.6.3 Discussion 
From the spectra shown for both the membranes treated with 
sodium tetraphenylborate and the Orion potassium filters it can 
be seen that two clearly identifiable structures are visible at 
the high frequency end of the spectrum. From the model 
suggested earlier, it can be deduced that these two features are 
due to the bulk membrane and that the bulk resistance is given 
by the real component of the impedance at the point where the 
impedance locus returns to the real axis-after the second 
semicircle. It can be seen that the membrane bulk resistance is 
similar to that found for the Millipore filter alone using a 
membrane solution containing the same concentration (0.009 mol 
dm-3) of valinomycin. The presence of the second high frequency 
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structure is clearly attributable to the addition of the 
tetraphenylborate to the filter support. In view of the model 
discussed, it is likely that the second feature has appeared due 
to the tetraphenylborate forming a separate bulk membrane phase. 
Considering the method of treatment used, it is reasonable to 
assume that this crystalline phase is present both in the 
membrane pores, and on its surface, although the pores are 
apparently not constricted by this process to such an extent 
that the electrode will not function. 
The improvement in the'slope and linear range of the 
response curves for these membranes, compared to those with 
untreated supports, indicates that the treatment improves the 
anion exclusion properties of the electrode. The fact that 
these results are closely similar to those obtained with the 
Orion electrode lends support to the suggestion that the Orion 
filter support has been pre-treated. The precise nature of the 
Orion treatment must, however, remain unresolved as these 
results do not indicate specifically that the treatment applied 
is in the form of tetraphenylborate or similar salts, only that 
there is a distinct separate phase present in the Orion support 
due to the addition of some material. 
Interestingly, the treatment of the filter appears to have 
increased the charge-transfer resistance of the membrane, 
implying that is is more difficult for the potassium to enter 
the organic phase in the presence of-the tetraphenylborate, 
although considering the appearance of the new bulk phase, it 
seems likely that this apparent change in Rct is due to a 
difference in membrane geometry brought about by the treatment 
process, and does not actually reflect a true decrease in the 
exchange current. 
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4.7 Summary and Conclusions 
From the impedance measurements reported in this chapter 
(summarised in Table 4.10), it is apparent that the operation of 
the liquid membrane electrode based on valinomycin can be 
explained largely on the grounds that the potassium is 
preferentially solubilised in the organic phase by the 
valinomycin and that this is the basis of the cation selectivity 
of the electrode. For the membranes containing valinomycin, the 
exchange currents calculated from the charge-transfer resistance 
reflect the selectivity of the membrane for potassium over 
sodium. 
This is in agreement with Rechnitz and Eyal (4.14), who were of 
the opinion that the potentiometric selectivity of 
liquid-membrane electrodes depends on the interfacial processes 
alone. 
Camman (4.13) also reported values for the exchange current 
for the potassium ion in a similar system, calculated from dc 
resistance measurements. The values given here are considerably 
smaller, but the method of estimating the charge transfer 
resistance from the dc resistance of the entire system, used by 
Camman, involves a number of assumptions which are difficult to 
verify, and cannot achieve the accuracy obtained with direct 
measurement of the R ct 
from impedance measurements. 
The treatment of the membrane support improves the Nernstian 
response of the electrode and it is therefore reasonable to 
assume that the electrode based on the Millipore filter as 
membrane support relies on the uptake of chloride ions from the 
aqueous solutions to provide a certain amount of the balancing 
charge for the potassium-valinomycin complex, although hydration 
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of the filter support is also likely to be involved. It also 
seems probable that the successful, operation of the Orion liquid 
membrane electrode relies on a similar treatment of the support. 
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Chapter 5 
PVC Membrane Electrodes 
5.1 Introduction 
PVC matrix membranes have been used in ion-selective 
electrodes for a number of years, particularly for the 
construction of neutral-carrier based electrodes. The polymer 
membrane is more physically robust, is considerably easier to 
handle than the original liquid membranes, and permits more 
flexibility in cell design and application than do supported 
liquid films. The results reported in this chapter concern the 
nature of the PVC matrix when cast as an electrode membrane. 
Results of measurements on the individual components of the 
membrane are also included, in order to attempt to fully 
characterise the behaviour of the material. 
The physical properties of cast membranes were also 
investigated by electron microscopy. 
5.2 The PVC Matrix 
It is generally assumed that the PVC membrane behaves in 
exactly the same way as the liquid membrane, -and can be treated 
merely as a liquid membrane of high viscosity (5.1), although 
there are several reasons why this approach can be faulted. 
Specifically, it is doubtful that the behaviour of ligands and 
ionophores within the PVC matrix can be compared to that within 
a liquid solvent, which possesses no rigid structure like that 
of the polymer. A second important factor is that the PVC 
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itself is not a 'clean' compound of well characterised 
composition (5.2-5.4), and that in addition to the plasticiser 
deliberately incorporated, the membrane contains various other 
compounds added to the PVC during manufacture which act as 
stabilisers to slow down the degradation of the material 
(5.5,5.6). Under the influence of heat (5.2), or ultra-violet 
light (5.3), PVC decomposes producing HC1. The mechanism by 
which this degradation occurs is. not well defined or understood, 
but is thought to occur in two stages. Firstly hydrogen 
chloride cleaves from the polymer leaving unsaturated 
hydrocarbon residues, and secondly, oxidation occurs at the 
unsaturated sites. The HC1 produced has an autoc4talytic 
function, promoting further degradation of the PVC, and metals, 
particularly iron, increase this catalytic activity. The 
eventual result of the degradation is a carbon chain possessing 
a high degree of unsaturation, giving rise to a conjugated 
system known as a polyene. Polyenes are very unstable in the 
presence of heat and UV light and as a result oxidation occurs, 
causing the polymer chains to become cleaved, and the formation 
of carbonyl groups on the chain fragments. Thus the degradation 
process produces a number of ionic species, and also carbonyl 
groups, which may act as sites for further reaction. 
In view of the above mechanism, all stabilisers used in the 
manufacture and processing of PVC are hydrogen chloride 
acceptors. A wide variety of such compounds is used, many 
having been in use for a long time. New stabilisers are found 
generally by trial and error as it is very difficult to predict 
the action of the material within the polymer matrix from 
theoretical grounds. 
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The stabilisers used can be categorised as follows (5.5) 
Primary heat stabilisers 
Heavy metal soaps, Organotin compounds, Lead salts 
Secondary heat stabilisers 
organics, Organophosphites, Epoxys 
Liqht stabilisers 
All the above compounds are effective light 
stabilisqrs, but the use of two or more stabilisers in 
the PVC can result in enhanced effectiveness. 
In view of these various additives, the possibilty for 
ion-exchange to occur is much greater than with a pure liquid 
membrane, and the generation of negative sites via these 
additives becomes a more likely process. The plasticiser is 
also a likely source of charged species (5.6), and is unlikely 
to behave simply as an inert solvent (5.7-5.11). 
5.2.1 The Membrane Surface: Physical Uniformity 
As suggested in Chapter 1, it is possible that surface 
roughness could give rise to distortions of the complex plane 
impedance plot due to the creation of large numbers of parallel 
RC networks at the interface, making interpretation of data more 
problematical. To investigate the nature of the PVC surface, 
and to see whether multiple RC networks were a likely feature 
with PVC membranes, membranes were cast as for normal use, and 
samples were examined by'electron microscopy. 
Figs 5.1 and 5.2 show a series of electron micrographs of the 
upper and lower surfaces of a PVC membrane containing 
valinomycin, plasticised with dioctyl sebacate. The upper 
surface is the top surface of the membrane when cast in the 
Fig 5.1: Electron micrographs of the upper surface of a 
PVC/dioctyl sebacate/valinomycin membrane. 
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Fig 5.2: Electron micrographs of the lower surface of a 
PVC/dioctyl sebacate/valinomycin membrane. 
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mould. This surface was exposed only to the atmosphere, having 
had no contact with any solid surfaces during casting, whilst 
the lower surface was formed in contact with the PTFE mould. 
Fig 5.1 shows images of the upper membrane surface, and the 
images shown on Fig 5.2 are of the lower membrane surface. 
Fig 5.1a is the image of the upper surface x5OO 
magnification. The membrane shows a uniform pattern of 
approximately parallel ridges running across the picture, giving 
a general wrinkled appearance. Figs 5.1b and 5.1c show the 
surface at magnifications of x2000 and x10000 respectively, from 
which the wrinkling effect can be seen to be quite regular and 
uninterrupted even at such high magnification. Attempts were 
made to achieve higher magnifications of this upper surface, and 
the results are shown in Figs 5.1d and 5.1e. The microscope 
begins to lose definition at these magnifications and the images 
are less clear, but it is still possible to see the regularity 
of the wrinkling, and that there-is no evidence of any other 
features. 
Fig 5.2a shows the x5OO image of the lower membrane surface. 
This surface also shows wrinkling, but with a much higher 
degree of irregularity in the pattern. In addition there is a 
second series of regular marks on a much larger scale running 
across the membrane surface. Fig 5.2b and 5.2c show the surface 
at x2000 and x10000 magnification. In Fig 5.2b, the large scale 
features are still clearly visible, and the highly irregular 
nature of the smaller scale features is apparent. In contrast 
to the gentler undulations on the upper surface (Fig 5.1b), 
these smaller features appear as deeper folds where the membrane 
has crumpled, creating crevices and pockets. Fig 5.2c shows this 
in greater detail. 
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The large scale regular features on the lower side of the 
membrane can be attributed to the machine marks left-on the 
moulds in construction, which would result in a mirror image 
imprinted into the surface of the membrane. The nature of the 
smaller scale features is not so easy to establish, although it 
is quite possible that they have arisen due to stretching of the 
membrane material during mounting in preparation for electron 
microscopy, and that the difference in the two surfaces is 
merely due to the membrane being stretched differently in 
different mountings. If this is the case, then the only 
difference between the two surfaces is the presence of the mould 
machine marks on the lower surface. Neither surface shows any 
evidence of pores or other features giving access into the 
membrane interior, and apart from the wrinkling, the surfaces 
are surprisingly uniform. It is not clear to what extent the 
wrinkling exists when a membrane is mounted for normal use in an 
ion-selective electrode, but the membranes are not usually 
mounted in a state of tension, and so it is reasonable to assume 
that a certain degree of irregularity exists. 
The effect of the wrinkling and the mould, marks seen in Figs 
5.1 and 5.2, on the impedance spectra of the membranes is not 
easy to ascertain other than in qualitative terms. To attempt 
to quantify their effects would-be unreasonable in view of the 
number of variable factors involved. It is clear however, that 
one membrane surface is roughened as a result of the casting 
process, and that the membrane does not present a uniform even 
surface in contact with the aqueous solutions. In addition, the 
wrinkling and folding of the membrane which is apparent in the 
electron microscope images is also likely to be present when the 
membrane is mounted in an ISE cell. On this basis, it seems 
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possible that this low-level of irregularity could give rise to 
some distortion of the ac impedance spectrum, manifesting itself 
in the region of the spectrum representing the interfacial 
processes. 
5.2.2 PVC Membranes: Expected Equivalent Circuit 
The equivalent circuit proposed for the liquid membranes in 
Chapter 4 is necessarily complex due to the presence of the two 
separate membrane phases, the support and the membrane liquid 
itself. As the PVC membranes are assumed to be chemically and 
physically homogeneous, the equivalent circuit would be expected 
to be much closer to the ideal circuit proposed in Chapter 1, 
with the bulk membrane phase appearing in the complex plane plot 
as a single parallel RC network. It is possible, however, that 
in addition uptake of water into the membrane surface could 
occur, giving rise to a hydrated layer similar to that found in 
glass membranes (5.12). In this case, provided that the time 
constants for the two processes were sufficiently separated, 
then a second RC network could be expected, in series with the 
first, giving rise to a second semicircle in the complexplane 
plot. 
The interfacial charge-transfer processes would be expected 
to manifest themselves in the impedance plot in a similar way to 
that reported for the liquid membranes in Chapter 4, i. e. as a 
single semicircle at low frequencies. As discussed above, this 
low-frequency data could possibly be distorted due to surface 
roughness, but it should still be possible to resolve the 
feature providing that the time constant for the process is 
sufficiently removed from that of the bulk membrane. 
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5.3 Dry PVC Membranes 
I 
In view of the various mechanisms proposed for the origin of 
negative sites or mobile anions within the membrane, discussed 
in Chapter 3, a series of measurements were made on dry PVC 
membranes to assess the level of conductivity inherent in the 
membrane after fabrication. Measurements were made using 
stainless steel electrodes contacting directly on to the 
membrane surfaces, using the cell described in Chapter 2, and in 
this way the impedance of membranes could be measured, which had 
not contacted any aqueous. solutions (other than as described 
below). The pressure applied*to the electrodes in clamping the 
membrane was monitored via a statimeter gauge, and was just 
sufficient to ensure good contact between the membrane and the 
electrodes. 
Fig 5.3 shows the impedance spectrum of a membrane 
comprising PVC, dioctyl sebacate (DOS) and valinomycin, measured 
as described above. The plot shows a single semicircle at high 
frequency, similar to that seen with the liquid membranes, which 
terminates in a near vertical straight line at lower frequency. 
This complex plane plot corresponds to an equivalent circuit 
consisting of a parallel RC network, representing the membrane, 
with a resistive component of approximately 2.0 x106 (3.45 x 10 
6 
Ohm cm- 
2 ), in series with a pure capacitor. This capacitive 
behaviour is due to the fact that no charge transfer can occur 
across the membrane/steel interface, as would be expected. 
Fig 5.4 shows the impedance spectrum of the membrane 
(contacted by stainless steel electrodes, as previously) after 
immersion in triply-distilled water for 24 hours. The membrane 
was dried by repeated compression between clean sheets of filter 
Fig 5.3: Impedance spectrum of a dry PVd/dioctyl sebacate/ 
valinomycin membrane contacted by stainless steel 
electrodes. 
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Fig 5.4: Impedance spectrum'of the dry PVC/dioctyl sebacate/ 
valinomycin membrane after immersion in triply- 
distilled water for 24 hours. 
S. 
4. 
S. 
to 
1m 
v4 
r4 
1. 
1.000 2.000 3.000 4.000 5.000' 
RG*10 /(OHMS) 
119 
paper until no traces of water were visible on the papers. In 
this way, surface water was removed, but any water which had 
been taken up into the PVC matrix during immersion should still 
be present. The complex plane plot shows similar features to 
that obtained for the membrane prior t. o contact with the water, 
except that the bulk resistance of the membrane has increased 
to 2.4 x 10 
6 Ohm (an increase of approximately 19%) as a result 
of the water treatment. 
Fig 5.5 shows the impedance spectrum of the membrane after 
immersion in 0.1 mol dm-3 KC1 solution for 24 hours, the 
membrane being dried, as outlined above, before being loaded 
into the cell. From this plot, it can be seen that the 
spectrum is of the same form as found previously, with a 
parallel RC network at high frequency and capacitive behaviour 
in the low frequency region and that the membrane resistance 
has again increased, in this instance by approximately 15% over 
the 24 hour period. 
A further series of measurements was carried out on dry 
membranes in the same cell, but under higher pressures, in 
order to investigate the effect of clamping the membrane in the 
cell, and to follow the geometric changes which must occur 
under these conditions. Fig 5.6 shows a composite impedance 
spectrum for a membrane clamped at pressures of 100kg, 200kg 
and 300kg. It can be seen quite clearly that as the pressure 
is increased, the membrane resistance falls, presumably due to 
the reduction in the membrane thickness, although above a 
certain pressure, the membrane cannot easily be further 
compressed and the resistance reaches a final steady value. 
Table 5.1 gives a summary of. all the results obtained for 
the membranes contacted by stainless steel electrodes. 
Fig 5.5: Impedance spectrum of the dry PVC/dioctyl sebacate/ 3 
valinomycin membrane after immersion in 0.1 mol dm- 
KC1 solution for 24 hours. 
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valinomycin membrane under various pressures. 
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The value of Rb measured for the dry membrane prior to 
contact with any solutions is not as large as would be expected 
for an insulator which contained no charge-carrying species, 
and indicates the presence of a number of charge carriers 
inherent within the polymer matrix. This result is not 
surprising in view of the presence of the various additives 
discussed above. Unfortunately, it is impossible to obtain 
from the manufacturers the precise composition of the PVC, and 
so no definite conclusions can be drawn as to the nature of 
these charge carriers. It is also possible that the 
degradation process is more important as a source of charged 
species than the added stabilisers although a third possible 
source of such species is the valinomycin itself, as suggested 
for the liquid membranes studied in Chapter 4. The valinomycin 
used was not purified in any way, and no details of sample 
purity were available from the suppliers. It is therefore 
possible that significant levels of impurities were present in 
the samples of ionophore used in the fabrication of membranes. 
Whether the amount of such impurities would be sufficient to 
account for all the charged species inherent within the PVC 
membrane is not clear, although this seems unlikely in the 
light of the above discussion. 
The measurements on the membrane after exposure to aqueous 
solutions show several interesting features, indicating that 
there has been some interaction between the two. 
Several possible effects of water uptake by the membrane 
could be expected, these are: 
i. The water would cause swelling of the PVC matrix similar 
to that found in the cellulose acetate membrane supports 
discussed in Chapter 4. In this case, the measured resistance 
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of the membrane would increase along with the membrane 
thickness. If the effects were purely geometric, i. e. no 
change in the resistivity of the membrane had occurred, then 
the increase in resistance would be accompanied by a decrease 
in the geometric capacitance and the time constant for the bulk 
membrane parallel RC network would remain unchanged. 
ii. Uptake of water could cause the creation of charge 
carrying species in the membrane due to reaction with the 
water. This could be due to the formation of OH conglomerates 
as suggested by Simon (5.1), or due to the H2 0-induced 
dissociation of species already present within the membrane. 
Either process would produce a change in the resistivity of the 
membrane. This generation of charge carriers would not 
necessarily cause a fall in the membrane resistance, if the 
reduction in resistance was offset by geometric effects 
(swelling). 
iii. Exposure to water could actually increase the resistivity 
of the membrane by extracting charge carriers from the 
membrane. This partitioning would result in a change in the 
conductivity of the water, and would lead to an increase in 
membrane resistance, which could be exacerbated by swelling. 
From Table 5.1 it can be seen that the resistance of the 
dry membrane did increase on exposure to water, and that the 
time constant for the bulk membrane processes also increased, 
indicating that the change in resistance is not due solely to 
geometric effects. Which of the mechanisms suggested above is 
occurring is not clear, but the fact that there is an increase 
in the membrane resistance with time suggests that there is a 
swelling of the membrane material on exposure to the water, and 
the change in the time constant for the membrane also suggests 
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that this swelling is accompanied by some process as outlined 
above. Equilibration with atmospheric water must occur during 
the casting process, but the extent of this water uptake is 
evidently not sufficient to achieve a saturation level. 
The results for the membrane after. exposure to the KC1 
solution, are more surprising. In view of the fact that the 
potassium solution to which the membrane was exposed contained 
large numbers of charge-carriers, it would be expected that the 
membrane would take up ionic species from the aqueous solution, 
and that such a process would result in a reduction of the 
membrane resistance. From the data given above, it is clear- 
that this process cannot be occurring to a sufficient extent to 
offset the increase in bulk resistance shown by the membrane 
after exposure to water. This is all the more surprising 
considering that the valinomycin in the membrane should promote 
the uptake of the potassium, more than with any other species. 
What seems to be more likely, is that an ion-exchange process 
is occurring, whereby charge carriers present in the membrane 
are exchanged for potassium, rather than the membrane being 
initially low in charge carriers and then taking them up from 
the solution. 
5.4 Impedance Measurements on Membrane Components 
Whilst the results presented earlier in this chapter give 
some insight into the behaviour of PVC membranes, it is not 
clear to what extent the individual components affect the 
operation of the membrane as a whole, although some workers 
have tried to assess the optimum composition (5.13-5.14). 
Previously, work has been carried out to try investigate the 
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origin of the charge carrying species within the PVC membrane by 
way of pH measurements (5.15), using an experimental set-up 
whereby a quantity of the plasticiser could be contacted by a 
small amount of water, and the pH of the water could be 
monitored. It was found that some plasticisers produced a 
negative change in pH of the water, whilst others produced a 
positive change, with no apparent rationale which could be 
applied to account for these changes in terms of the operation 
of the plasticised membrane in an ISE. Similar experiments were 
carried out with a variety of types of PVC, and again, both 
positive and negative pH changes were produced. In the present 
work an attempt was made to investigate this further by way of 
impedance measurements. The various membrane components were 
exposed to triply distilled water, and the conductivity . 
(via the 
change of the cell impedance) were followed for both components 
of the mixture. Measurements were carried out using a 
tightly-stoppered standard conductivity cell with platinised 
platinum electrodes, as shown diagrammatically in Fig 5.7, 
thermostatted at 25 0 C. 
5.4.1 Results and Discussion 
Fig 5.8a shows the impedance spectrum obtained with pure DOS 
in the conductivity cell, prior to contact with the 
triply-distilled water, which shows almost pure capacitive 
behaviour (the apparent resistive offset is an artefact due to 
the large comparison resistor used), and is not resolved into a 
semicircle. From this it can be deduced that the plasticiser 
has a sufficiently high resistance to be outside the range which 
the 1174 can accurately measure - greater than 107 ohm). 
Fig 5.7: Diagram of the conductivity cell used for impedance 
measurements on plasticiser and aqueous phases. 
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Fig 5.8a: Impedance spectrum obtained with pure DOS in the 
conductivity cell, prior to contact with triply- 
distilled water. 
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The cell impedance was followed for twenty-four hours, 
during which there was no visible change in the spectrum. 
After this period, the DOS was removed from the cell and added 
to an equal quantity of triply distilled water in a separating 
funnel. The mixture was then shaken for one hour and left to 
separate for a further 24 hours, after which the impedance 
spectrum of each component was separately determined. Fig 5.8b 
shows the impedance spectrum of the DOS after the period of 
equilibration with the water. This spectrum shows similar 
features to the spectrum of the plasticiser, before contact 
with the water. 
Fig 5.9 a and 5.9 b show the impedance spectra measured for 
the water before and after the equilibration with the 
platiciser respectively. The initial spectrum shows a 
semicircular feature, with a resistive component of 
approximately 1.20 X10 
5 
ohm, representing the resistance of the 
water between the electroýes. The second spectrum, measured 
after exposure to the plasticiser, clearly shows that the 
resistance of the water has fallen by a factor of approximately 
three. 
Similar experiments were carried out, using 0.1 mol dm_ 
3 
solutions of KC1, NaCl and CsCl in place of the 
triply-distilled water. In all three cases, the spectra for 
the plasticiser showed no change on exposure to the aqueous 
solution, nor was any change apparent in the spectra of the 
chloride solutions after contact with the DOS, indicating that 
under these conditions, there was no change in the resistance 
of either the aqueous solutions or the plasticiser. 
The lowering of the resistance of the triply-distilled 
water after contact with the plasticiser evidently indicates 
Fig 5.9: Impedance spectra measured for triply-distilled water 
a) before and b) after the equilibration with the 
plasticiser respectively. 
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the creation of charge-carrying species within the aqueous 
phase. It is possible that some charge-carriers would be 
created by equilibration of the water with atmospheric carbon 
dioxide, but the water was given ample time to reach such an 
equilibrium prior to the commencement of the experiment. on 
this basis, it must be assumed that the additional ionic 
species within the water arise as a result of the mixing with 
the DOS. The nature of such species is open to conjecture, 
although considering that the plasticiser is an ester, it seems 
likely that an equilibrium of the following form would exist 
between it and the water; . 
ester +H20=H+ (aq) + ester anion 
Due to the high resistance of the plasticiser, it is 
impossible to say whether there has been any reduction in its 
magnitude after exposure to the water, and so it is not clear 
to what extent the charge-carrying species are partitioned 
between the aqueous and organic phases. Similarly, the very 
low resistance and high concentration of charge-carriers of the 
chloride solutions make it impossible to detect any small 
change in the solution composition, though it is of interest 
that even on exposure to the relatively high concentration of 
ions in the chloride s, olutions, the plasticiser does not appear 
to have taken up any charged species. 
In a separate experiment, the conductivity cell was filled 
with triply distilled water and was left for 24 hours to 
achieve thermal equilibrium in a water bath, after which 200mg 
of Pvc powder was added to the cell. The impedance of the cell 
was then measured hourly for 24 hours, and the resistance of 
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the water was obtained from the impedance spectrum as 
previously. In this case, no change in the impedance spectrum 
was found over the 24 hour period as a result of the addition 
of the PVC. Although this result is in contrast to the 
findings of Arami, in the earlier study very small quantities 
of water were used, for which a given quantity of ionic species 
arising from the PVC would produce a greater change in pH or 
conductivity. It does seem however, on the basis of the 
measurements reported here, that the greatest interaction is 
between the plasticiser and the water. 
5.5 Conclusions 
From the results presented in this chapter, it is clear 
that there is an interaction between the membrane matrix and 
any aqueous phase with which it may be in contact, although it 
is not clear on the basis of these measurements alone, whether 
this interaction plays any part in the operation of the 
membrane in an ISE. It is also evident however, that the 
membrane phase when cast into a film contains a significant 
number of charge-carrying species, and that ionic species are 
an integral part of the PVC matrix. The implications of these 
results on the mechanism of anion exclusion which operates when 
the membrane is used in an ion-selective electrode are clear. 
Both anionic and cationic sites are clearly present within the 
membrane even in the absence of deliberately added, large (and 
supposedly immobile) anions, and can provide an inherent source 
of balancing charge within the membrane. This is in contrast 
to the results found with the liquid membranes, where in the 
absence of the added ionophore, the membrane support and 
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solvent appear to be free of charged species, whilst the PVC 
membrane when in contact with aqueous solutions, can undergo 
ion exchange even in the absence of any complexing agent. 
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Chapter 6 
PVC Membranes - The PVC/Valinomycin System 
6.1 Introduction 
Prior to the commencement of this project the small amount 
of work published covering impedance measurements on ion- 
selective electrodes had involved the use of liquid membrane, 
and solid-state electrodes alone, and no work had been published 
on the impedance of PVC-matrix electrode membranes (see Chapter 
1). The object of the current work was to extend the 
measurements on liquid membranes presented in Chapter 4, and on 
the PVC matrix given in Chapter 5 to cover the impedance of PVC 
membranes in contact with aqueous solutions, in order to 
characterise in detail the whole system as a basis for further 
work. 
The work presented in this chapter covers not only membranes 
as normally fabricated for use in electrodes but also a number 
of membranes containing various individual components, so as to 
obtain a detailed picture of the PVC membrane system in contact 
with aqueous solutions. The results of both potential and 
impedance measurements are presented for each type of membrane 
in separate sections, where the general features and 
interpretation of the results are discussed. In section 6.3, 
results are presented for membranes containing no active 
material, and also for membranes containing valinomycin as the 
sole additive. In section 6.4, data are given for membranes 
containing salts of the tetraphenylborate ion, but with no 
ionophore in the matrix. This is followed in section 6.5 by 
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results of work on membranes containing both the ionophore and 
added salts and in section 6.6, a comparison is made between the 
Cs+ ion and K+ ion in PVC membranes. A-summary is presented at 
the end of the chapter in section 6.7, in which all the results 
are discussed in more detail, and a theory is proposed on the 
basis of these data encompassing the different membrand 
formulations, to account for the cation-selectivity, and 
anion-exclusion properties of the PVC membranes containing 
valinomycin. 
6.2 Expected equivalent Circuits and General Details 
The details of the basic equivalent circuits expected for 
PVC membranes are discussed in Chapter 5, where it is concluded 
that the impedance spectra for PVC membranes should be 
essentially similar to those obtained for liquid membranes, with 
two semicircular features in the complex plane, corresponding to 
the bulk membrane and interfacial processes. 
Despite their measurable conductivity PVC membranes have a 
resistance which is high in comparison to systems studied in 
classical electrochemistry, (10 
5_ 10 6 Ohm as opposed to 0- 10 
2 
Ohm), and this presents the main problem in making impedance 
measurements on them. The accuracy of the measurements depends 
to a large extent on the magnitude of the impedance being 
measured, greater accuracy being achieved the lower the value of 
the resistive component. It is therefore desirable to reduce 
the membrane resistance as much as possible, and the most 
obvious way to do this is to reduce its thickness. The 
membranes normally used in ion-selective electrodes are cast 
with thicknesses of the order of 1 mm as this provides good 
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physical strength, and is a convenient (although arbitrary) size 
for casting small quantities of membrane material. For the 
current work, attempts were made to cast membranes to a variety 
of thicknesses smaller than 1mm, but it was found that if the 
thickness was reduced below about 0.1 mm, the membrane lacked 
physical strength, and could not be handled and loaded into 
cells without sustaining damage. Membranes cast to 
approximately O. 1mm, were found to function quite satisfactorily 
in ion-selective electrodes despite their reduced thickness, 
and, also as expected, to have resistances which were 
considerably lower (by a factor of approximately ten) than those 
of the standard membranes. Fortunately, none of these thinner 
membranes were found to have resistances in excess of the upper 
limit of the measuring system, and the choice of O. 1mm. for the 
thickness appears to be satisfactory in all respects. 
An alternative way of reducing the membrane resistance is to 
use membranes of a larger surface area. With liquid membranes, 
attempts to increase the surface area were u nsuccessful due to 
the loss of membrane solution from the filter support, for which 
no simple remedy could be found. This problem obviously does 
not arise with PVC membranes although no information is 
available relating to the effect of changing the membrane area 
on the operation of the membrane in an electrode. It can be 
assumed that a point will be reached where the membrane will 
distort or rupture due its physical size, but, apart from this, 
there is no theoretical limit for the size of membrane used, and 
the use of membranes of 0.5 cm2 in laboratory electrodes seems 
to be an arbitrary decision. Two cells were therefore 
constructed for the PVC membranes, allowing the use of membranes 
of different surface areas (the design of the PTFE cells used 
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for measurements on the PVC membranes is discussed in detail in 
Chapter 2). One cell was made with an internal bore of 0.5 cm, 
giving a cross sectional area of 0.196 cm 
2, 
and the second cell 
was made with a bore of 1 cm, giving a cross sectional area of 
2 0.785 cm . 
After preliminary measurements, it was found that in certain 
situations, the low frequency regions of the impedance spectra 
for PVC membranes were not clearly defined. This is due partly 
to the compromise between selecting a fast integration time, so 
as to measure the whole spectrum quickly whilst it is undergoing 
time dependent changes, and partly due to the high resistance of 
the systems under study. In some cases, the low frequency 
features occurred at frequencies where resonance with the 
electrical mains supply occurs and were subject to interference 
as a result. In cases where the low frequency limit was in any 
doubt, the DC resistance of the system was obtained, via the 
1186 ECI. This is achieved by applying a potential across the 
membrane and monitoring the current flowing in the cell as a 
result. The resistance can then be calculated using Ohms' law. 
This method provides a useful technique to verify the values 
obtained with the frequency response analyser. 
6.2.1 The PTFE Cell Impedance 
The impedance of the cells was measured when filled with 0.1 
mol dm -3 KC1, with no membrane present, in order to assess the 
contribution from the cell and its electrodes to the measured 
impedance. As discussed in Chapter 2, the use of the 
four-electrode system should eliminate this contribution, 
however, as it was necessary to use some two-electrode 
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measurements, it was of interest to determine the cell 
impedance. 
Fig 6.1a shows the impedance spectrum of the cell filled 
with KC1, in a two electrode configuration, over the range 1 MHz 
0.1 mHz. This spectrum is similar to those shown for the 
Orion silver choride electrodes in section 2.8, and shows an 
offset along the real axis of approximately 1.1 x 10 
3 
ohm, 
corresponding to the solution resistance, and a poorly defined 
high frequency semicircle tailing off towards lower frequency. 
This spectrum can be interpreted as previously, with a parallel 
RC network representing the AgC1 layer on the electrode surface, 
resonating at high frequency, in series with one or more 
networks representing the interfacial processes occurring at the 
electrode surface, appearing at lower frequencies. The low 
frequency region of the spectrum where the interfacial impedance 
occurs, is again complicated by surface roughness, effectively 
leading to multiple RC networks. 
Fig. 6.1b shows the impedance spectrum over the same 
frequency range obtained with the cell in a four-electrode 
configuration. This spectrum shows a marked difference to the 
one obtained using two electrodes, and illustrates the 
advantages of the four-electrode arrangement. Below 100 kHz, 
the plot shows a single point representing a pure resistance 
with a value of approximately 720 Ohm. Above this frequency, 
the spectrum shows a structure which is normally interpreted as 
an inductance. In this case, this inductive loop is an artefact 
of the system due to a phase shift induced by the 1186 circuitry 
at high frequencies, and it is for this reason that the 1174 is 
used alone under these conditions. The remaining pure resistive 
offset along the real axis represents the resistance of the KC1 
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Fig 6.1: Impedance plot for the PTFE cell with no membrane, 
filled with 0.1 mol dm-3 KC1 measured in (a), a two- 
electrode, and (b), a four electrode configuration. 
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filling solution between the reference electrodes alone, and can 
be used to obtain a value for the conductivity of the KC1 
solution, providing a useful check on the accuracy of the 
system. Alternatively, using a standard value for the KC1 
conductivity an estimate of the spacing between the electrodes 
can be obtained, which again can be used as a check on the 
system.. Taking the conductivity of 0.1 mol dm-3 KC1 to be 1.29 
S M-1 (i. e. a resistivity of 77.52 ohm cm) the spacing between 
the electrodes can be calculated to be 9.23 cm which compares 
very favourably with the measured length of 9.25 cm. 
6.2.2 Potential Measurements Using The PTFE Cell 
The PTFE cells present an experimental arrangement for 
measuring the membrane potential which is essentially different 
from that normally used in work on ISEs. To assess single or 
mixed ion potential responses, the membrane would normally be 
housed as a dip-type electrode in one form or another, and its 
potential would be measured against a standard calomel 
electrode, generally with an intervening salt bridge. As the 
use of symmetrical cells is required for accurate impedance 
measurements, this arrangement cannot be used. One solution to 
this problem is to measure the membrane impedance in the PTFE 
cell, and then transfer the membrane to a standard B7 glass tube 
electrode (Fig 2.5), where the potential response could be 
assessed in the normal way. Again this is not an entirely 
satisfactory arrangement as the removal of the membrane from the 
PTFE cell, followed by its attachment to the standard glass 
holder, are likely to result in damage to the membrane and allow 
possible contamination by external agents. 
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An alternative is to measure the potential response with the 
membrane remaining resident in the PTFE cell. This is obviously 
preferable from the point of view of keeping the membrane in the 
same environment for all measurements, but presents the problem 
of measuring the membrane response with two Ag/AgC1 electrodes. 
When measuring the single ion response in this way, the two 
Ag/AgC1 electrodes produce a potential difference due to the 
difference in Cl concentration on the two sides of the 
membrane. The total cell potential as measured therefore 
represents the sum of this reference electrode potential and the 
membrane potential, and to assess correctly the latter, the 
response characteristics of the Ag/AgC1 electrodes must either 
be known or assumed. 
In the present work, this question was resolved by adopting 
the following regime. Portions of membranes were cut and their 
potential response was assessed in the normal way by glueing 
them with a PVC/THF paste on to a glass holder. The response of 
further portions of the same membrane was then measured in the 
PTFE cell using the Ag/AgCl electrodes, and the two sets of 
measurements were then compared. It was found that, within the 
limits of experimental error, the Ag/AgCl electrodes were 
behaving ideally (ie giving a contribution to the total 
potential of approximately 59 mV/decade at 25 0 C). 
The function of the potential measurements in this work was 
to verify that a given membrane was behaving in general as 
expected, rather than to attempt highly accurate, detailed 
potential measurements (with the exception of the results 
concerning relative ionic mobilities discussed below). In view 
of this, and the fact that the Ag/AgCl electrodes behave in a 
predictable manner, potential measurements were carried out with 
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the membrane remaining in situ in the PTFE cell, and corrections 
were made for the Ag/AgCl electrode contribution accordingly. 
6.2.3 Relative Mobilities of Species from Potential MeasuIR-Ments 
Using standard electrochemical principles, and considering 
the diffusion potential across the membrane, it is possible to 
calculate the relative mobilities of the positive and negative 
charge carriers within the. membrane. This argument is based on 
classical ideas of electrochemistry, where the carriage of 
charge through the membrane must necessarily be shared between 
the cationic and anionic species in the membrane bulk. The 
extent to which each type of species contributes to the overall 
charge-transfer process depends on the relative ease with which 
each class of ions can move through the membrane matrix. This 
is expressed by the transport number, t (with a subscript + or 
representing cations or anions respectively), where 
6.1 
At equilibrium, the following equation holds: - 
(t 
+- 
t-) RT ln(a 1) 6.2 F (a 2) 
where E is the potential arising from the difference in mobility 
of cations and anions, and a, and a2 are the mean activities for 
solutions on either side of the membrane. 
From equation 6.2 it can be seen that when t= t', E 
becomes zero, and when t+ = 1, equation 6.2 reduces to, 
RT ln(a 1) 6.3 F- (-a 2) 
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It is necessary to modify this expression in the present 
case due to the configuration of the 
the cell is filled with 0.1 mol dm-3 
other chamber is filled with a solut 
with an activity smaller by a factor 
contribution to the overall measured 
electrodes equivalent to 
PTFE cell. If one side of 
KC1 (or NaCl), and the 
ion of the same salt, but 
of ten, there will be a 
potential from the Ag/AgCl 
E (AgCl) = RT 
ln(al) 6.4 
F (a 2) 
The measured potential then becomes 
E= 2RT ln (a 1)6.5 T- (-a 2) 
This expression evaluates to 110.6 mV for KC1 solutions, and 
110.0 mV for NaCl solutions. 
With the PTFE cell arrangement, the assumption must 
necessarily be made that the Ag/AgCl electrodes are behaving 
ideally, but as discussed earlier, this appears to be a 
reasonable assumption, although even if the electrodes are not 
behaving ideally, a comparison can be obtained between potassium 
and sodium as the cation. This is because the Ag/AgC1 
electrodes must respond to the Cl- activity in the same way for 
both solutions, and the electrodes in each side of the cell are 
exposed to Cl at closely similar activities regardless of the 
cation present. 
6.3 The Basic Valinomycin Membrane 
The valinomycin PVC membrane as originally formulated is 
cast containing only plasticised PVC and valinomycin (6.1,6.2). 
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and the potentiometric response of such membranes has been 
reported to be Nernstian over a large concentration range (6.1). 
In this section, results of impedance and potential 
measurements are reported for membranes comprising plasticised 
PVC alone, and also with valinomycin as the only additive. The 
object of this section of the work is to establish the 
parameters of the PVC membrane system in contact with aqueous 
solutions, and further investigate the presence of inherent 
charge carrying species. 
6.3.1 The PVC/Dioctyl Sebacate Membrane 
It is to be expected that the membrane containing no 
valinomycin would reflect the basic features of the PVC matrix, 
in terms of time-dependent effects and the resistance of the 
membrane material. The membrane should show no, selectivity for 
one type of cation over another, although the membranes should 
exhibit a single-ion response. The typical membrane composition 
was 150mg PVC/300mg DOS, and the potential response and 
impedance behaviour of the membranes are discussed below. 
6.3.1a Potential Response 
Fig 6.2a shows the calibration curve (single-ion response) 
for a typical membrane and Fig 6.2b shows the potential response 
of the membrane as determined by the mixed solution method with 
0.1 mol dm-3 NaCl constant interferent concentration. 
It can be seen that the membrane shows a limited single ion 
response over the whole concentration range. If the cation and 
anion mobilities were equal, the potential should reflect only 
Fig 6.2: (a) Calibration (K + single-ion response)and (b) 
selectivity (K+/Na+ mixed-ion response) plots for a 
PVC/DOS membrane measured with a 0.1 mol dm_ 
3 KC1 
reference solution. 
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the difference in potential of the Ag/AgCl electrodes in the two 
bathing solutions. In this case, the slope of the plot should be 
Nernstian, and the potential measured with a tenfold 
concentration difference should be 59.18mV. The measured 
potential at this point is in fact 78.8mV, indicating that the 
two mobilities are not equal, and that the membrane exhibits a 
low level of selectivity for cations over anions, although there 
is no evidence of any inherent selectivity of the membrane for 
one type of cation over another as is clear from Fig 6.2b. 
6.3.1b Impedance Measurements 
Fig 6.3a shows the impedance spectrum obtained with 0.1 mol 
dm- 3 KC1 contacting solutions, the first measurement being made 
approximately five minutes after the membrane was first 
contacted by the aqueous solutions. The spectrum shows two 
features similar to those found with liquid membranes; a high 
frequency semicircle, and a second feature at lower frequency. 
The high frequency feature can be attributed to the parallel 
combination of the bulk membrane resistance R, and the b 
geometric capacitance C9, and the low frequency feature can be 
attributed to the combination of the charge-transfer resistance 
R 
ct' 
and the double-layer capacitance CdlI as was the case with 
the liquid membranes. The bulk resistance of the membrane was 
initially 2.28 x10 
6 Ohm, from which the capacitance of the 
membrane can be calculated to be 2.03 x1O- 
10 
The lower frequency feature, although not fully resolved, 
shows a large portion of a second semicircle, representing the 
charge-transfer processes at the membrane solution interface. 
Extrapolating the curve to meet the real axis of the plot 
Fig 6.3: Initial (a) and final (b) impedance spectra for a 
PVC/DOS membrane, measured with 0.1 mol dm-3 KC1 
contacting solutions. 
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Table 6.1: Time Dependence of the Impedance of a PVC/DOS 
-3 Membrane (0.1 mol dm KC1 Contacting Solns. ) 
6 6 
t/hours R /10D /Hz /10f2 R * /Hz 
-------- 
b 
--------- 
max 
-------------- 
ct 
---------- 
max 2 
------------ 
1 2.28 343.1 4.40 0.638 
2 2.70 it 2.81 It 
3 2.90 294.4 2.58 0.744 
4 3.15 it 2.25 1.009 
5 3.26 2.18 of 
6 3.49 1.86 is 
7 3.68 1.80 1.177 
8 3.79 1.72 if 
9 3.98 1.43 If 
10 4.00 252.4 1.40 1.372 
11 4.00 If 1.40 
12 4.13 1.43 
13 4.20 1.28 1.865 
14 4.20 1.30 of 
15 4.20 1.30 1.599 
16 4.31 216.5 1.24 1.865 
17 4.40 to 1.15 
18 4.40 of 1.24 
19 4.44 If 1.24 
20 4.58 11 1.16 
21 4.62 it 1.07 If 
22 4.62 if 1.07 If 
23 4.71 If 1.07 it 
24 4.70 1.08 to 
72 
-------- 
4.50 
---------- ------------- 
1.07 
----------- 
2.174 
----------- 
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shown in Fig 6.3a, gives a value of 4.40 x10 
6 Ohm for the 
resistive component of the network, and a capacitance of 6.60 
X10 -8 F. Fig 6.3b shows the impedance spectrum of the fnembrane 
determined 72 hours after the first spectrum was measured, which 
shows that the bulk resistance of the membrane has increased 
markedly, and that the charge transfer resistance has become 
greatly reduced. Table 6.1 gives the variation of Rb and R ct 
over the 72-hour period, from which it can be seen that the 
value of R ct reduces 
to a final value of approximately 10 
6 Ohms 
and the bulk resistance stabilises at 4.50 x10 
6 Ohms. 
Figs 6.4a and 6.4b show the corresponding spectra for the 
membrane contacted by 0.1 mol dm- 
3 NaCl solutions. In this 
case, the charge-transfer semicircle is more clearly defined 
initially, and is of a similar order of magnitude to that found 
with the KC1 solutions. Table 6.2 shows the time dependence of 
the'impedance as followed over a period of 24 hours. As with 
the membrane contacted by KC1 solutions, R ct 
is seen to decrease 
with time, and Rb shows a gradual increase over the same period. 
For both membranes, the time constant for the membrane bulk 
decreases slightly over the 24 hour period, by a factor of 
approximately two, corresponding to the increase in R b* This 
indicates that the increase in resistance cannot be purely due 
to geometric factors, and that there must be a change in the 
resistivity of the membrane, rather than just an increase in the 
membrane thickness. 
6.3.2 The PVC/Dioctyl Sebacate/Valinomycin Membrane 
In this section, results for membranes containing 
valinomycin as the only additive are presented, the typical 
Fig 6.4: Initial (a) and final (b) impedance spectra for a 
PVC/DOS membrane, measured with 0.1 mol dm- 
3 NaCl 
contacting solutions. 
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Table 6.2: Time Dependence of the Impedance of a PVC/DOS 
-3 Membrane (0.1 mol dm NaCl Contacting Solns. ) 
t/hours 
6 
R /100 * /Hz w 
5 R /100 * /Hz 
--------- 
b 
--------- 
1 max 
------------- 
ct 
---------- 
2 max 
------------ 
1 2.56 1003 41.4 2.174 
2 3.71 28.5 
3 4.10 24.4 
4 4.34 21.3 
5 4.73 543.7 17.3 5.464 
6 4.73 if 17.3 11 
7 4.85 it 15.8 4.019 
8 4.73 If 17.3 6.374 
9 5.12 of 12.6 It 
10 5.24 It 11.8 If 
11 5.32 11 10.6 If 
12 5.32 9.86 11 
13 5.51 7.88 if 
14 5.51 7.88 to 
15 5.52 466.5 7.86 7.429 
16 5.50 11 7.84 if 
17 5.51 of 7.82 it 
18 5.53 it 6.70 it 
19 5.51 if 5.91 6.374 
20 5.51 it 5.91 7.429 
21 5.52 It 5.90 it 
22 5.51 If 5.87 if 
23 5.51 it 4.73 8.658 
24 5.51 It 5.52 11 
72 5.51 If 5.52 if 
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composition for the membrane being 150mg PVC/300mg dioctyl 
sebacate/6.5mg valinomycin. Potential difference measurements 
(single and mixed-ion potential responses) were carried out as 
previously, and impedance measurements were also made on 
membranes in contact with aqueous solutions containing either 
0.1 mol dm -3 KC1 or 0.1 mol dm -3 NaCl. 
6.3.2a Potential Response 
Typical calibration curves (single ion response) and 
selectivity plots (mixed ion response) for membranes containing 
valinomycin are shown in Figs. 6.5a and 6.5b, respectively. As 
would be expected, both the single ion and mixed ion responses 
show slopes of near 59mV over the concentration range 10- 
1- 
10- 4. Some membranes were found to show poorer responses with 
slopes for the mixed-ion response as low as 45mV/decade, 
although this was so for only about 10% of membranes cast. The 
possible reasons for this poor response are discussed in section 
6.3.3. 
6.3.2b Impedance Measurements 
The impedance of the membranes was measured when in contact 
with both 0.1 mol dm- 
3 KC1 alone and 0.1 mol dm- 
3 NaCl alone. 
it would be expected that the spectra obtained in these two 
situations would illustrate in some way the preference shown by 
the membrane from potentiometric measurements. From a simple 
viewpoint, it might be expected that the selectivity would be 
reflected in the interfacial ionic transfer rates i. e. that 
potassium will enter the membrane with much greater ease than 
Fig 6.5: (a) Calibration (K+ single-ion response) and (b) 
selectivity (K+/Na+ mixed-ion response) plots for a 
PVC/DOS/valinomycin membrane measured with a 
0.1 mol dm_ 
3 KC1 reference solution. 
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the sodium. If this were the case, then the impedance spectrum 
obtained with sodium contacting solutions should show a much 
larger charge transfer semicircle than when potassium contacting 
solutions were present, and the difference in magnitude should 
be of the same order of magnitude as the selectivity 
coefficient. i. e. 10 
3- 10 4 
Figs. 6.6a and 6.6b show spectra obtained after three days 
for membranes contacted by 0.1 mol dm-3 KC1 and 0.1 mol dM- 
3 
NaCl respectively. The spectra show a high frequency semicircle 
similar to that found with the membranes containing no 
valinomycin. The low frequency data for these membranes were 
poorly defined, and the DC resistance points determined as 
outlined in section 6.2 are included for clarity. The time 
dependence of the impedance of these membranes is shown in 
Tables 6.3 and 6.4. 
6.3.3 Discussion 
Although the PVC/valinomycin system will generally yield a 
membrane which gives a good mixed-ion potential response with 
sodium chloride as the interferent, workers in these 
laboratories have often found the response to be sub-Nernstian. 
There is also a lack of consistency between membranes fabricated 
using materials from different batches from suppliers. The 
reasons for this variability are not clear, but as discussed in 
Chapter 5, there is considerable evidence from measurements on 
dry membranes, that the PVC contains charge-carrying species 
inherent in the matrix prior to contact with aqueous solutions. 
it is possible that these adventitious species are involved in 
the mechanism of operation of the membrane, and that variations 
Fig 6.6: Final impedance spectra (measured after 72-hours) 
for a PVC/DOS/valinomycin membrane, with (a) 0.1 mol 
dm- 3 KC1 and (b) 0.1 mol dm- 
3 NaCl contacting solns. 
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Table 6.3: Time, Dependence of Membrane Impedance for PVC/DOS/Val 
-3 Membrane With 0.1 mol dm KC1 Contactinq Solutions 
6 
t/hours R /10 Q w* /Hz 
--------- 
b 
--------- 
1 max 
------------ 
1 1.89 3975 
2 2.37 
3 2.54 
4 2.65 
5 2.75 2506 
6 2.81 11 
7 2.84 
8 2.83 
9 2.94 
10 2.99 
11 3.02 
12 3.04 
13 3.07 
14 3.10 
15 3.09 
16 3.10 
17 3.11 
18 3.10 
19 3.09 
20 3.12 
21 3.10 
22 3.11 
23 3.12 
24 3.11 
72 3.11 
Table 6.4: Time Dependence of Membrane Impedance for PVC/DOS/Val 
-3 Membrane With 0.1 mol dm NaCl Contacting Solutions 
6 
t/hours R /100 /Hz 
b1 max 
------------------------------ 
1 4.83 6374 
2 5.31 11 
3 5.84 If 
4 6.37 It 
5 6.49 it 
6 6.77 It 
7 6.89 if 
8 7.09 5464 
9 7.21 if 
10 7.25 to 
11 7.34 of 
12 7.42 
13 7.46 
14 7.44 
15 7.54 
16 7.66 
17 7.58 
18 7.70 
19 7.62 
20 7.71 
21 7.74 
22 7.70 
23 7.74 
24 7.72 If 
72 7.76 11 
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in their concentration can explain the differing electrode 
responses. 
The large initial values for Rct found for the membranes 
with no added ionophore indicate that the membrane at first 
takes up ions from the solutions only slowly, but the decrease 
in Rct with time which is seen both when KC1 contacting 
solutions are used and also with NaCl solutions, can only be 
interpreted as indicating that the rate of exchange increases 
with time, requiring a corresponding increase in the number of 
ionic species at the membrane surface available for exchange 
with ions in solution. Such an increase would be the inevitable 
result of the initial period of exchange, whereby a gradual 
permeation of the membrane by species from the solutions occurs, 
but could also be due to the formation of ionic species in the 
membrane as a result of water uptake. 
Table 6.5 summarises the final bulk and charge transfer 
resistances for these membranes, and also for membranes 
containing valinomycin. These results permit several 
conclusions to be drawn. 
Firstly, considering the bulk resistance of the membranes, 
from Table 6.5 it can be seen that for membranes both with and 
without added valinomycin, Rb is larger when the contacting 
solutions contain sodium chloride than when they contain 
potassium chloride. This suggests that in the absence of added 
charge carriers, the potassium ion is inherently more mobile in 
the PVC matrix than the sodium ion, although the mobility of 
both species must be of the same order of magnitude. Whilst the 
sodium is the smaller of the two ions, and as a result might be 
expected to be the more mobile, it has a much higher charge 
density than the potassium ion (Table 6.6) and therefore 
Table 6.5: Summary of Impedance Data for PVC/Dioctyl Sebacate 
Membranes Both With and Without Valinomyin 
Membrane Solu- R/ R/ R Na Exchange 
b ct ct + 
Compo- tions MOhm kOhm RK Current 
2 2 ct -2 
sition (a) cm cm /, pA cm 
--------- -------- --------- --------- ---------- ------------ 
-2 No Val KC1 3.51 834 0.51 3.1 x1O 
NaCl 4.29 430 6.0 x1O 
-1 Val KC1 2.43 74 7.24 3.5 x1O 
11 NaCl 6.05 536 4.8 xlO 
--------------------------------------------------------- 
-3 
a- All solutions 0.1 mol dm 
Table 6.6: Radii and Charge Densities Of Alkali Metal Cations 
Chge D. / 
r/A 10 
20 
CA -3 
-------------------------- 
Na 0.95 12.1 
K 1.33 1.62 
Cs 1.69 0.79 
-------------------------- 
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electrostatic interactions between the ion and the PVC matrix 
would be expected to affect the sodium ion more than the 
potassium. Such weak interactions with the matrix are a 
possible explanation for the difference in bulk resistance found 
for the two ions. 
It is also interesting to note that the addition of 
valinomycin to the membrane reduces the bulk resistance of the 
membrane, when KC1 contacting solutions are used, but produces 
an increase in Rb relative to the resistance of the membrane 
containing no valinomycin when NaCl contacts are employed. This 
implies that the valinomycin either increases the mobility or 
number of potassium ions within the membrane, but produces the 
opposite effect on sodium ions. 
Comparing the bulk resistance of meinbranes in contact with 
aqueous solutions with the measurements made on dry membranes 
reported in Chapter 5, it can be seen that Rb is of the same 
order of magnitude when direct contact is made as when solution 
contacts are employed. This is further evidence that the PVC 
matrix contains large numbers of inherent charge carriers 
(presumably mobile cations). 
From Table 6.5, it can be seen that in the absence of 
valinomycin, the charge transfer resistance is of a similar 
order of magnitude regardless of which cation (sodium or 
potassium) is present in the solution. This is as expected 
assuming that the charge transfer resistance reflects the ease 
with which the cation can enter the membrane, in which case, in 
the absence of the ionophore, the value of Rct should be 
approximately the same for both sodium and potassium. 
Table 6.5 also shows that when the membrane contains 
valinomycin, the ratio of charge transfer resistance is 
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increased only marginally, such that Rct is only about ten times 
greater for sodium than for potassium. This result is in 
contrast to what would be expected if the selectivity of the 
membrane arises purely out of the relative ease with which the 
cation can cross the membrane/solution interface. In view of 
this, it must be concluded that the selectivity of the membrane 
does not arise solely at this interface, and that a simple 
mechanism like that of the liquid membranes does not operate, 
where potassium ions are made soluble in the membrane phase 
whilst sodium ions are not. 
6.4 The Use of Negative Siteý, 
In the early 1970's Band, (6.3) proposed the incorporation 
of salts of large anions into the PVC matrix of 
valinomycin-based electrodes to improve the anion exclusion 
properties of the membranes. Assuming that anions from the 
aqueous solutions are excluded largely due to electrostatic 
repulsion and poor solubility in the membrane phase, this should 
produce a measureable improvement in the slope and possibly the 
linear range of the electrode. At the time, no further 
explanation was provided for the mechanism by which anion 
exclusion was supposedly enhanced although it was noted that 
inclusion of such negative sites also reduced the membrane 
resistance. 
In this section, results are reported for measurements on 
membranes containing various quantities of the tetraphenylborate 
anion (either as the potassium or sodium salt) and no 
valinomycin. Such membranes should yield information on the 
interaction between the added salt and the PVC matrix. 
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6.4.1 Potassium Tetraphenylborate 
Membranes were cast by the normal method except that, as 
membranes were required containing low concentrations of KBPh4' 
to ensure accuracy and consistency between castings, solutions 
of KBP. h 4 were made up in UV grade THF (containing no 
stabilisers) in volumetric glassware, and these solutions were 
then used as the solvent for casting the membranes. Solutions 
were made up to concentrations such that after 
/ 
casting, the 
membrane contained the desired level of KBPh 4* 
- The most dilute solution was made up to give a level of 
KBPh 4 in the membrane which was equal to that used by Band 
(0.015 mg KBPh 4 per mg of valinomycin). Although no valinomycin 
was used in the current study the membranes were cast to contain 
this quantity of the salt, so as to give a direct comparison 
with other membranes containing both the salt and the ionophore. 
Four other KBPh4 concentrations were used, i. e. approximately 
five, ten, thirty-five and one hundred times the concentration 
recommended by Band (the precise compositions of the membranes 
are given in Table 6.7). The lower concentrations were achieved 
by serial dilution of the THF solutions at 250C (the THF was 
allowed to achieve room temperature, after removal from cold 
storage, before solutions were made up). 
6.4.1a Potential Response 
Single and mixed ion responses were measured for all 
membranes as described previously. Similar responses were found 
for all the membranes; typical results are shown graphically Fig 
6.7 (membrane with the salt at the sýLme concentration as used by 
In > 4. J 1 (n ., 4 Z 1 CD r13 Ln Ln tu 4-) (D 12 
-W 
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Fig 6.7: (a) Calibration (K + -ýingle-ion response) and (b) 
selectivity (K+/Na+ mixed-ion response) plots for a 
PVC/DOS membrane containinq a similar 
level of BPh 4- as used by band, measured with a 
0.1 mol dm_ KC1 reference solution. 
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Band). The membrane containing the highest concentration of 
KBPh 4 showed evidence of precipitation in the PVC matrix, 
although this did not appear to affect the response. 
From Fig 6.7a it is clear that the membranes show a good 
single-ion response over a wide concentration range, and from 
Fig 6.7b, it can be seen that there is no evidence of any degree 
of selectivity for potassium over sodium. These results are as 
expected for a membrane containing no ionphore, although, in 
contrast to the results presented here, it has been reported 
that membranes containing KBPh 4 exhibit a limited selectivity 
for potassium over other alkali metal ions (6.4). 
6.4.1b Impedance Measurements 
Impedance measurements were made on the membranes using the 
same regime as previously, i. e. the time-dependance of the 
impedance spectra was followed for the first 24 hours and 
subsequently measured after three days. Fig 6.8a shows the 
impedance spectrum for the membrane with the lowest 
concentration of KBPh 4 as measured approximately five minutes 
after first contact by 0.1 mol dm-3 KC1 solutions. The spectrum 
shows a large semicircular feature at high frequency, similar to 
that found for the membranes containing valinomycin alone, but 
differs from the earlier spectra, in that a second feature is 
visible as a small distortion at the low frequency end of the 
main semicircle. 
Fig 6.8b shows the final, steady-state spectrum recorded 
after three days for the same membrane. From this second' 
spectrum, it is clear that the same two features are present as 
in the initial measurement, but close inspection reveals that 
Fig 6.8: Initial (a) and final (b) impedance spectra for 
KBPh 4 membrane No. 1, (Table 6.7), measured with 
0.1 mol dm -3 KC1 contacting solutions. 
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Table 6.8: Time Dependence of Membrane Imp edance for Membrane 
-3 
No. 1 (With 0.1 mol dm KC1 Contactinq Solutions) 
5 4 
t/hours /10 0 R /Hz w /10 Q R b max ct 
--------- 
1 
------------ 
3.26 
-------- 
5426 
------------ 
4.92 
2 4.12 4656 5.53 
3 4.28 5426 3.75 
4 4.75 4656 8.00 
5 5.20 3991 7.75 
6 5.47 3991 7.75 
7 5.91 8.13 
8 6.23 8.26 
9 6.34 3151 8.28 
10 6.44 8.63 
11 6.59 8.56 
12 6.62 8.80 
13 6.69 9.11 
14 6.68 9.30 
15 6.69 9.41 
16 6.74 9.50 
17 6.78 9.51 
18 6.75 9.73 
19 6.77 9.98 
20 
. 
6.81 9.92 
21 6.78 10.00 
22 6.80 10.20 
23 6.80 10.00 
24 6.80 10.50 
72 6.80 11.00 
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there has been an increase in the resistive component of both 
features. As the two features overlap to a large extent, and 
the lower frequency one is considerably smaller than the one at 
high frequency, it is more difficult to assign an accurate value 
for the resistive component of the smaller semicircle. 
Comparing both spectra, however, it is clear that the magnitude 
of the smaller semicircle has increased with time. Fig 6.9 
shows visual best semicircle fits for the two spectra. These 
spectra can be interpreted as previously, attributing the high 
frequency part of the spectrum to the membrane bulk (R b 
/C 
9) 
parallel network, and in this instance, it is evident that Rb 
has approximately doubled over the three-day period. 
Figs 6.10a and 6.10b show the corresponding initial and 
final spectra for the membrane containing the second lowest 
KBPh 4 concentration (membrane no. 2 in Table 6.7). The initial 
spectrum for this membrane is similar to the corresponding run 
for the previous membrane, and shows the bulk semicircle. There 
is some evidence of the second feature at low frequencies, but 
this is less clear than for the membrane with the lowest KBPh 4 
concentration and even in the steady state spectrum run down to 
1 mHz, this second feature is poorly defined. 
Figs 6.11 - 6.13 show the initial and final spectra for the 
membranes containing the three highest concentrations of KBPh 4* 
All three sets of spectra show features similar to those found 
for the membranes containing the lower concentrations of the 
tetraphenylborate salt, although in all of the plots, the 
lower-frequency feature is not clearly-defined. The full time 
dependence of the membrane impedance is given for all five 
membranes in Tables 6.8 - 6.12. 
Fig 6.9: Visual best fits of two semicircles for 
Figs 6.8a, and 6.8b 
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Fig 6.10: Initial (a) and final (b) impedance spectra for 
KBPh 4 membrane No. 2, (Table 6.7), measured with 
0.1 mol dm- 
3 
KC1 contacting solutions. 
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Table 6.9: Time Dependence of Membrane Impedance for Membrane 
-3 No. 2 (With 0.1 mol dm KC1 Contactinq Solutions) 
t/hours R /10 
5Qw* 
/Hz 
b1 max 
1 2.79 9980 
2 3.16 11 
3 3.49 6298 
4 3.62 
5 3.65 
6 3.73 
7 3.79 
8 3.80 
9 3.83 
10 3.85 
11 3.89 
12 3.91 
13 3.95 
14 3.98 
15 4.01 
16 4.05 
17 4.08 
18 4.09 
19 4.08 
20 4.11 
21 4.12 
22 4.10 
23 4.14 
24 4.17 
72 4.15 
Fig 6.11: Initial (a) and final (b) impedance spectra for 
KBPh 4 membrane No. 3, (Table 6.7), measured with 
0.1 mol dm- 
3 KC1 contacting solutions. 
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Table 6.10: Time Dependence of Membrane Impedance for Membrane 
-3 No. 3 (With 0.1 mol dm KC1 Contacting Solutions) 
5 
t/hours Rb /10 0W1 
max 
/Hz 
------------------------------ 
1 0.57 21550 
2 0.60 if 
3 0.68 18490 
4 0.78 of 
5 0.86 15860 
6 0.93 
7 1.02 
8 1.07 13600 
9 1.04 11650 
10 1.07 11 
11 1.04 10000 
12 1.05 it 
13 1.07 
14 1.07 
15 1.07 
16 1.14 
17 1.17 
18 1.20 
19 1.20 
20 1.35 
21 1.40 
22 1.47 
23 1.48 
24 1.51 
72 1.51 
Fig 6.12: Initial (a) and final (b) impedance spectra for 
KBPh 4 membrane No. 4, (Table 6.7), measured with 
0.1 mol dm -3 KC1 contacting solutions. 
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Table 6.11: Time Dependence of Membrane Impedance for Membrane 
No. 4 (With 0.1 mol dm 
-3 KC1 Contactinq Solutions) 
5 
t/hours Rb /100 
max 
/Hz 
------------------------------ 
1 1.10 9980 
2 1.15 Is 
3 1.17 
4 1.12 
5 1.18 
6 1.20 
7 1.18 
8 1.19 
9 1.20 
10 1.21 
11 1.23 
12 1.28 
13 1.30 
14 1.36 
15 1.41 
16 1.46 
17 1.49 
18 1.53 
19 1.52 
20 1.55 
21 1.58 
22 1.57 
23 1.59 
24 1.59 12540 
72 1.59 
Fig 6.13: Initial (a) and final (b) impedance spectra for 
KBPh 4 membrane No. 5, (Table 6.7), measured with 
0.1 mol dm- 
3 KC1 contacting solutions. 
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Table 6.12: Time Dependence of Membrane Impedance for Membrane 
-3 No. 5 (With 0.1 mol dm KC1 Contactinq Solutions) 
5 
t/hours R /10 D /Hz 
--------- 
b 
--------- 
1 max 
------------ 
1 1.42 7377 
2 1.35 11 
3 1 . 29 
If 
4 1.31 if 
5 1.38 
6 1.40 
7 1.42 
8 1.46 
9 1.50 
10 1.53 
11 1.56 
12 1.56 
13 1.60 
14 1.60 
15 1.63 
16 1.64 
17 1.67 
18 1.69 
19 1.69 
20 1.73 
21 1 . 71 
22 1.72 
23 1.73 
24 1.73 
72 1.71 If 
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6.4.2 Sodium Tetraphenylborate 
originally, the incorporation of negative sites into PVC 
membranes was achieved by the addition of the sodium salt of the 
tetraphenylborate anion. The membrane was then conditioned by 
exposure to KC1 solutions for a period prior to use, during 
which time it was supposed that exchange between the sodium in 
the membrane and potassium in the aqueous solutions occurred. 
Thus the end result was the effective incorporation of the 
potassium salt into the membrane. The sodium salt is more 
readily available from suppliers than the potassium salt, and is 
in fact used in potassium assays, relying on the marked 
preferential complexation of potassium rather than sodium. 
Membranes were cast to two formulations, corresponding to 
the potassium salt concentration used by Band et al. (5.0 x1O- 
2 
mg NaBPh 4 ), and to ten times this concentration (5.0 x1O- 
1 
mg 
NaBPh 4 ), and the impedance behaviour and potential response were 
investigated. Impedance measurements were also carried out to 
observe the changes occurring in the membrane when exposed to 
aqueous potassium solutions. 
6.4.2a Potential Resp6nse 
Calibration (single-ion response) plots were constructed for 
the membranes in contact with sodium solutions, and typical 
results are shown in Fig 6.14a. It is evident that the response 
of these membranes to the sodium ion is similar to the response 
of the membranes containing the potassium salt to potassium 
ions. 
Fig 6.14: (a) Calibration (Na + single-ion response) and (b) 
selectivity (K+/Na+ mixed-ion response) plots for 
a membrane containing 5.0 X10- 
2 
mg NaBPh 4 
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The selectivity of the membranes was also investigated, but 
this was necessarily carried out after a conditioning period in 
KC1 solutions. Had this conditioning not been carried out, and 
a steady state not been established prior to the measurements in 
mixed solutions, the take-up of potassium during the selectivity 
determination would have invalidated the results obtained. The 
mixed ion response for both membranes was found to be similar, 
with no selectivity for potassium over sodium, and the response 
of the membrane containing 5.04 x1O_ 
2 
mg NaBPh 4 is shown in Fig 
6.14b. 
6.4.2b Impedance Measurements 
The impedance spectra for the two membranes were measured 
with 0.1 mol dm- 
3 NaCl contacting solutions, with both two-and 
four-electrode configurations, as previously. 
Fig 6.15a shows the initial spectrum taken for the membrane 
with the lower concentration of NaBPh 41 measured approximately 
five minutes after the membrane was first contacted by the 
aqueous solutions. The spectrum is at first sight different 
from the corresponding spectrum for the membrane containing 
KBPh 41 in that two clearly defined semicircles are visible, 
whereas in the former case, there was poor separation of the two 
features. Although there is apparently greater separation of 
time constants for the two semicircles in the present case, the 
spectra-are generally of the form already established with 
previous measurements, with a high frequency semicircle 
representing the membrane bulk, and a lower frequency semicircle 
attributable to the interfacial processes. 
As with the membranes containing KBPh 4? the time dependence 
Fig 6.15: Initial (a) and final (b) impedance spectra for a 
membrane containing 5.0 x10-2 mg NaBPh 41 measured 
with 0.1 mol dm- 
3 NaCl contacting solutions. 
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Table 6.13: Time Dependence of Impedance for the Membrane 
Containing the Lower Level Of NaBPh 
4 
-3 (0.1 mol dm NaCl Contactinq Solutions) 
5 5 
t/hours /10 0 R /Hz /10 0 R * w /Hz b max ct max 2 
---- ---------- ------------ ---------- ------------ 2 
1 1.91 5437 0.86 10-10 
2 2.08 11 0.76 
3 2.23 It 1.09 
4 2.35 if 1.06 
5 2.43 if 1.11 
6 2.53 if 1.11 
7 2.53 1.15 
8 2.75 1.27 
9 2.87 1.30 
10 2.90 1.36 
11 3.09 1.35 
12 3.15 1.41 
13 3.24 1.48 
14 3.33 1.45 
15 3.42 1.48 
16 3.46 1.48 
17 3.56 3424 1.53 
18 3.53 11 1.57 
19 3.68 It 1.65 
20 3.83 It 1.58 
21 3.85 If 1.58 
22 3.81 11 1.57 
23 3.86 If 1.55 
24 3.83 1.58 
72 3.84 1.57 
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of the impedance was followed, and Fig 6.15b shows the final 
steady state spectrum measured after three days. The value of 
Rb has increased from approximately 1.91 x 10 
5 Ohms to 
approximately 3.83 x 10 
5 Ohms over this period, and R ct 
has 
increased from 8.6 x 104 Ohms to 1.58 x 105 Ohms. The full 
time dependence of the impedance is given in Table 6.13, where 
the values obtained for the various equivalent circuit 
parameters are shown. 
Fig 6.16a shows the initial spectrum measured for the 
membrane containing 5.04 x1O- 
1 
mg of NaBPh 4 taken approximately 
five minutes after first solution contact. From this spectrum 
it is clear that the value of Rb is-smaller by a factor of 
approximately three than for the membrane with the lower 
concentration of the salt, and that R ct 
is also reduced by a 
factor of approximately ten. Fig 6.16b shows the steady-state 
spectrum recorded three days after the initial solution 
contact, and the detailed time dependence is given in Table 
6.14. 
I 
6.4.3 Discussion 
The origin of the lower frequency feature found in the 
spectra for the membranes containing the potassium salt, is 
most likely to be the interfacial charge-transfer processes, as 
with the previous membranes discussed, although it is possible 
that it represents a second bulk phase arising due to the 
partial crystallisation of KBPh 4 within the membrane. If this 
were the case, and two separate phases were present in such 
membranes, increasing the KBPh 4 concentration should result in 
a concomitant increase in the size of the second semicircle 
Fig 6.16: Initial (a) and final (b) impedance spectra for a 
membrane containing 5.0 x10-1 mg NaBPh 41 measured 
with 0.1 mol dm- 
3 
NaCl contacting solutions. 
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Table 6.14: Time Dependence of Impedance for the Membrane 
Containing the Higher Level Of NaBPh 
4 
3 
(0.1 mol dn NaCl Contacting Solutions) 
5 4 
t/hours R /10 Q /Hz R /10 Q * /Hz co b 
-------- 
max 
------------- 
ct 
---------- 
2 max 
------------ --------- 
1 
- 
0.65 18490 0.80 10 1- 10 
2 
2 0.67 21550 0.97 
3 0.72 if 0.98 
4 0.77 to 1.11 
5 0.81 If 0.86 
6 0.87 10000 1.04 
7 0.91 18490 1.11 
8 0.93 it 1.21 
9 0.97 If 1.31 
10 1.00 15850 1.42 
11 1.05 13600 1.82 
12 1.08 15850 1.62 
13 1.11 It 1.62 
14 1.13 13600 1.62 
15 1.17 If 1.62 
16 1.18 10000 1.72 
17 1.21 1.82 
18 1 . 26 1.69 
19 1.27 1.85 
20 1.29 2.02 
21 1.30 2.20 
22 1 . 37 2.00 
23 1.47 2.35 
24 1.53 2.47 
72 1.52 2.47 
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relative to the first, as more KBPh 4 was precipitated due to 
its solubility product being exceeded. If the smaller semi- 
circle is interpreted in this way, then the spectra show no 
evidence of interfacial processes, in which case any charge- 
transfer must be occurring at a much higher rate than found for 
the membranes with no added salt, such that R ct 
is indetectably 
small. 
As with the membranes containing no additives, the bulk 
resistance of the membranes containing potassium tetraphenyl- 
borate shows an increase over a period of several hours. The 
extent of this increase seems to vary from membrane to membrane 
and does not appear to be directly related to the membrane 
composition. The cause of the increase must be attributed to 
the interaction of the membrane with the aqueous solutions,, 
possibly due to the uptake of water, resulting in a swelling of 
the membrane and an increase in the apparent resistance. It is 
possible that this uptake of water would be accompanied by the 
uptake of additional ionic species from the solutions, although 
such an influx of ions would reasonably be expected to produce 
a decrease in the membrane resistance. This is evidently not 
the case, although it is possible that such an uptake is 
occurring but. the effect is masked by the effects of swelling 
due to water uptake. 
The initial and final bulk resistance for the five membrane 
compositions are summarised in Table 6.15, from which it can be 
seen that the membrane containing the lowest concentration of 
tetraphenylborate shows a final bulk resistance of 6.8 x 105 
Ohms. This is smaller by a factor of approximately 6.6 than 
the resistance of the membrane containing no additives when in 
contact with KC1 solutions. Table 6.15 also shows that the 
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resistance of the membranes decreases as the concentration of 
KBPh 4 is increased, up to a point, whereafter a small increase 
in R occurs with further increases in KBPh concentration. b4 
The initial decrease would be expected due to an increase in 
the number of ionic species within the membrane, but the cause 
of the reversal of this trend is less clear. The solution to 
this problem is most likely to lie in the precipitation of the 
potassium salt within the membrane. 
The membrane containing the highest concentration of KBPh 4 
when cast showed visible evidence of crystallisation of the 
salt within the membrane matrix. The effect of this on the 
impedance is likely to be twofold. If the dielectric constant 
of the crystalline phase is sufficiently different from that of 
the PVC matrix, and a sufficiently large amount of this 
separate phase is present within the membrane, a second bulk 
semicircle would be expected in the impedance plot. For these 
two features to be resolved requires a separation between the 
time constants of. greater than a factor of one hundred (as_ 
discussed earlier). '. The second possible effect of the 
crystallisation will be to reduce the effective membrane area 
and therefore increase the membrane resistance. Thus initially 
increasing the salt concentration will result in a greater 
number of charge carriers within the membrane, but at a certain 
point, the solubility of the salt will reach its limit, and the 
further addition of salt will not produce any further increase 
in the number of charge carriers. After this point, the - 
precipitation of the salt will tend to reduce the effective 
area of the membrane and increase its resistance, which appears 
to be the case for the membranes studied. 
The spectra obtained for the membranes containing the 
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sodium salt are similar to those found with the other membranes 
investigated, in that Rb is seen to increase with time after 
exposure to the aqueous solutions, and that there is also an 
increase in R ct* 
The values for Rb and R ct. are of similar 
order of magnitude to those found for the membranes containing 
KBPh 4 for similar salt concentrations, and the time constants 
for the bulk and interfacial processes are also similar. - It 
can be seen that again, as with the membranes containing the 
potassium salt, a tenfold change in the salt concentration 
produces a much smaller change in R b' It is clear that with 
regard to the environment of the PVC matrix, there is little 
difference between the sodium salt and potassium salt'of the 
BPh 4 anion when in contact with aqueous solutions of the 
corresponding cation. This is in contrast to the membranes 
containing no additives, which display a higher resistance when 
in contact with sodium solutions than when in contact with 
potassium solutions. The presence of the anion evidently 
overcomes any differences in solubility or mobility for the two 
cations which are inherent in the membrane. 
6.5 Valinomycin-containinq Membranes With Added BPh 4 
From the results reported in sections 6.4.1 and 6.4.2, it 
is apparent that the addition of tetraphenylborate salts to the 
PVC matrix produces marked changes in the impedance behaviour 
of the membrane. The bulk resistance of the membrane is 
lowered by an amount dependent on the BPh 4- concentration, and 
the charge transfer resistance is also substantially lowered, 
allowing control of Rb and Rct to any desired magnitude (the 
upper limit on this control being the solubility limit of the 
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salt within the membrane,, and the lower limit being the level 
of inherent charge carriers in the membrane). In view of this, 
the addition of BPh 4 would be expected to affect the 
ion-selective behaviour of membranes containing valinomycin, 
particularly from the point of view of the interfacial charge 
transfer processes. 
To investigate the effect of adding tetraphenylborate salts 
to the PVC membrane under these conditions, membranes were cast 
containing either the potassium or sodium salt of the anion in 
addition to valinomycin, and the results of potential and 
impedance measurements on these membranes are reported and 
discussed below. Membranes were cast to the formulation used 
by Band, (containing 0.015 mg KBPh 4 per mg of valinomycin, or 
the equivalent quantity of the sodium salt) so as to correspond 
with the series of membranes containing no valinomycin. 
6.5.1 Potential Response 
Fig 6.17a shows the single-ion calibration plot for a 
typical membrane containing valinomycin and potassium 
tetraphenylborate. The slope of the plot is approximately 
115mWdecade, which is close to the theoretical value found for 
the majority of membranes containing valinomycin alone. The 
mixed-ion response is shown in Fig 6.17b. This plot has a 
-1--4 slope of 59mV mV/decade over the K+ activity range 10 10 
With the levels of salt employed in the membranes studied, 
there did not appear to be any appreciable dependence (ie 
greater than the possible experimental errors) of the response 
on the salt concentration. 
Fig 6.18 shows a typical single-ion response and mixed-ion 
Fig 6.17: (a) Calibration (K + single-ion response) and (b) 
selectivity (K+/Na + mixed-ion response) plots for a 
PVC/DOS/valinomycin/KBPh 4 membrane measured with a 
0.1 mol dm_ 
3 KC1 reference solution. 
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Fig 6.18: (a) Calibration (Na + single-ion response) and (b) 
selectivity (K+/Na+ mixed-ion response) plots for a 
PVC/DOS/valinomycin/NaBPh 
4 membrane 
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response (sodium plus potassium after a period of conditioning 
in 0.1 mol dm- 
3 
potassium chloride solutions) respectively, for 
a membrane containing sodium tetraphenylborate and valinomycin. 
it is clearly evident that the response of these electrodes is 
close to theoretical, with slopes of approximately 59mV/ 
decade. These results are in keeping with those found by 
previous workers (6.3), and also with the membranes containing 
potassium tetraphenylborate. 
6.5.2 Impedance Measurements 
The impedance of the membranes in contact with o. 1 mol dm-3 
solutions of the relevant cation, was followed over a three-day 
period, as previously. A typical steady-state impedance 
spectrum for a membrane containing valinomycin and KBPh 41 in 
contact with 0.1 mol dm_ 
3 KC1 solutions is shown in Fig 6.19, 
with the time-dependence of the impedance over the 72-hour 
period given in Table 6.16. The final, steady-state spectrum 
for the membrane containing the sodium salt is shown in Fig 
6.20, and the full time-dependence is given in Table 6.17. 
The spectrum for the membrane containing potassium is of 
the same form found with the membranes containing KBPh 4 alone, 
with a clearly-defined bulk semicircle, but with the semicircle 
due to the interfacial charge-transfer processes very poorly 
resolved. This low frequency feature is visible only as a 
distortion of the bulk semicircle, as found previously. From 
Table 6.16, it can be seen that the time dependence of the 
impedance is essentially similar to that of the membranes 
containing valihomycin alone, and those with the BPh 4- salt as 
the only additive. The bulk resistance shows an increase over 
Fig 6.19: Final impedance spectrum (measured after 72-hours) 
for a PVC/DOS/valinomycin/KBPh 4 membrane, measured 
with 0.1 mol dm- 
3 KC1 contacting solutions. 
a 
2 
a -4 
x 
a 
N 
-1 
Z, /nxlol 
610 5 Hz 
)1- lo- 
2 Hz 
Fig 6.20: Final impedance spectrum (measured after 72-hours) 
for a PVC/DOS/valinomycin/NaBPh4 membrane, measured 
with 0.1 mol dm- 
3 NaCl contacting solutions. 
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Table 6.16: Time Dependence of Impedance for PVC/DOS/KBPh 
4 
/Valinomycin Membrane With 0.1 mol dm 
-3 KC1 
Contactinq Solutions 
5 
t/hours R /100 * /Hz w 
--------- 
b 
--------- 
1 max 
------------ 
1 4.33 2159 
2 5.17 if 
3 5.17 
4 5.09 
5 4.85 
6 4.96 
7 5.07 
8 5.13 
9 5.22 3424 
10 5.39 if 
11 5.57 
12 5.66 
13 5.75 
14 5.90 
15 6.05 
16 6.10 
17 6.15 
18 6.15 
19 6.15 
20 6.18 
21 6.20 
22 6.18 
23 6.20 
24 6.20 
72 6.21 
Table 6.17: Time Dependence of Impedance for PVC/DOS/NaBPh 
4 
3 
/Valinomycin Membrane With 0.1 mol dm NaCl 
Contacting Solutions 
6 
t/hours R 110D /Hz 
--------- 
b 
--------- 
1 max 
------------ 
1 0.98 1169 
2 1.21 
3 1.29 
4 1.37 
5 1.40 1000 
6 1.41 It 
7 1.45 It 
8 1.47 
9 1.47 
10 1.48 
11 1.47 
12 1.48 
13 1.49 
14 1.51 
15 1.49 
16 1.50 
17 1.50 
18 1 . 51 It 
19 1.48 
20 1.51 
21 1.53 
22 1.52 
23 1.53 
24 1.53 
72 1.52 
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the first 24 hours which continues to a constant value, reached 
by the end of the 72 hour period. The magnitude of the final 
bulk resistance is similar to that of the corresponding 
membrane containing no valinomycin, but with a similar amount 
of added salt. 
For the membrane containing the sodium salt, the spectrum 
is essentially similar, except that the bulk resistance of the 
membrane is higher than that of the corresponding membrane 
containing no valinomycin, and also higher than for the 
membrane containing KBPh 4 and valinomycin. The low frequency 
data is not well-defined in this case, but the charge-transfer 
resistance is evidently of the order of 105 Ohms. 
6.5.3 Discussion 
Both types of membrane produced good selectivities for 
potassium over sodium, as expected, this being the most 
effective formulation'for PVC membranes to have been reported. 
it is interesting to note however, that for the membrane 
containing the potassium, the addition of the valinomycin does 
not at first sight appear to have had a marked effect on the 
bulk resistance of the membrane. This is in contrast to the 
membranes containing no salt, where it was found that the 
valinomycin did produce a reduction in the bulk resistance. On 
closer inspection, however, the data show that the initial 
value of Rb for the membrane containing the ionophore is , 
larger than that for the corresponding membrane containing only 
the salt. The percentage increase in Rb seen for this latter 
membrane is greater than for the former, resulting in the final 
Rb values being much closer together. This result is unusual, 
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as it implies that the inclusion of the ionophore actually 
decreases the mobility of the potassium within the membrane. 
This could be taken to indicate that the ionophore 'pins' the 
potassium ion in a potential well, which would otherwise be 
absent, and that the potassium can then only move by hopping 
from valinomycin molecule to valinomycin molecule. 
For the membrane containing the sodium salt, it would seem 
that the incorporation of valinomycin, as previously, has also 
markedly reduced the mobility of the cation. In view of the 
low stability of the Na+/valinomycin complex it seems less 
likely that this is due to a direct interaction between the 
two, but it is not obvious by what mechanism this reduction in 
mobility occurs. It is clear though, that the bulk resistance 
is lower than for the membrane containing valinomycin and no 
salt, and so the presence of the salt has caused some increase 
in the number of charge-carriers. 
6.6 A Comparison Between Potassium and Caesium 
For The PVC/Valinomvcin System 
The sequence of selectivities exhibited by membranes 
containing valinomycin, show that they give approximately equal 
responses to potassium and caesium (relative to the marked 
selectivity against sodium). In view of this, a series of 
membranes was fabricated containing the caesium salt of the 
tetraphenylborate ion, both with and without valinomycin, in an 
attempt to obtain a comparison between potassium and caesium, 
both in terms of the potentiometric response, and the impedance 
behaviour of the membranes. Also, it is suggested in section 
6.3.3 that the difference in mobility between K+ and Na +, as 
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perceived through the bulk membrane resistance, could be 
related to the charge density on the metal ion. The 
incorporation of Cs+ into the membrane should yield additional 
information to test this hypothesis, the charge density on Cs + 
being somewhat lower than that on potassium (Table 6.6). 
Membranes were cast as previously, and accuracy and 
consistency in the quantity of CsBPh 4 incorporated into the 
membranes was achieved using solutions of CsBPh4 in THF, as 
with previous membranes containing salts. A similar 
concentration of the BPh 4- salt was used as previously, giving 
a typical composition of 150mg PVC/300mg dioctyl sebacate/ 6.2 
X10- 
2 
mg CsBPh 4' For membranes containing the ionophore, a 
similar concentration of valinomycin was used as previously. 
6.6.1 Potential Response 
The single-ion response of all the membranes was determined 
using solutions of caesium chloride, and Fig 6.21a shows a 
typical response curve for a membrane containing only the salt, 
for which the potential response is close to Nernstian and is 
similar to the corresponding plots for the membranes containing 
KBPh 4 or NaBPh 4 alone, in contact with solutions containing 
only the corresponding cation. 
The single-ion response of a membrane containing 
valinomycin is shown in Fig 6.21b. The response is slightly 
poorer than for the corresponding membranes containing the 
sodium and potassium salts, with a slope of approximately 112mV 
over the range 10- 
1- 10- 4 mol dm- 
3 CsCl. The fact that the 
reponse is sub-Nernstian would indicate that anion exclusion is 
possibly incomplete with the caesium salt in the membrane. 
Fig 6.21: Calibration (Cs+ single-ion response) plots for 
(a) PVC/DOS/CsBPh 4 and (b) PVC/DOS/CsBPh 4/ 
valinomycin membranes measured with a 0.1 mol dm 
CsCl reference soln. 
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The mixed-ion response of all of the membranes was also 
investigated with 0.1 mol dm-3 NaCl as the interferent. The 
response of a membrane with no added ionophore is shown in Fig 
6.22a, from which it is evident that the membrane shows no 
selectivity for caesium in the absence of valinomycin, as would 
be expected. 
A typical mixed-ion response curve for a membrane 
containing the ionophore is shown in Fig 6.22b. In this case, 
the plot shows a slope of approximately 58mV/decade over the 
Cs+ concentration range 10- 
1- 10- 3.8 , as expected, indicating 
that the membrane does exhibit a high degree of selectivity for 
caesium in the presence of sodium. 
6.6.2 Impedance Behaviour 
The impedance of the membranes was measured in contact with 
0.1 mol dm- 
3 CsCl solutions, as a comparison with membranes 
with added KBPh 4 and NaBPh 41 when in contact with solutions of 
K+ or Na+ respectively. 
Fig 6.23a shows the initial spectrum for a membrane 
containing no valinomycin, measurements being commenced 
approximately five minutes after first solution contact. The 
plot shows similar features to the membranes studied 
previously, with a high-frequency semicircle due to the 
membrane bulk and a lower frequency arc representing the 
interfacial processes. The two features are well separated, 
and in common with the membranes containing NaBPh 4, are more 
clearly defined than those found with several of the membranes 
with KBPh 4 as the additive. The initial bulk resistance is 
approximately 12.3 x 10 
4 ohms, and the initial charge-transfer 
Fig 6.22: Selectivity (Cs+/Na+ mixed-ion response) plots for 
(a) PVC/DOS/CsBPh 4 and (b) PVC/DOS/CsBPh 4/ 
valinomycin membranes measured with a 0.1 mol dm 
CsCl reference soln. 
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Fig 6.23: Initial (a) and final (b) impedance spectra for a 
membrane containing 6.02 x10-2 mg CsBPh 41 measured 
with 0.1 mol dm- 
3 CsCl contacting solutions. 
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Table 6.18: Time Dependence of Impedance for the Membrane 
Containinq PVC/DOS/CsBPh (With 0.1 mol dm 
-3 
4 
CsCl Contactinq Solutions) 
5 4 
t/hours R /1092 /Hz R /10 D /Hz 
b 1 max ct 2 max 
--------- --------- ------------ ------------ ----------- 2 3 
1 1.26 4656 2.42 10 -10 
2 1.41 it 11 it 
3 1.53 2.40 it 
4 1.65 it 
5 1.74 it 
6 1.83 If 
7 1.91 
8 1.99 
9 2.05 2.34 
10 2.11 3.01 
11 2.16 3.39 
12 2.22 11 
13 2.27 if 
14 2.32 if 
15 2.35 
16 2.40 
17 2.39 
18 2.44 
19 2.42 
20 2.43 
10 2.44 
21 2.45 
22 2.42 
23 2.45 
24 2.44 
72 2.45 If 
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resistance has a value of approximately 2.5 x 104 Ohms. The 
time dependent behaviour of the membrane impedance was followed 
and Fig 6.23b shows the spectrum recorded three days after 
first solution contact. The detailed time dependence of the 
membrane is given in Table 6.18. 
Fig 6.24a shows the initial spectrum, recorded 
approximately five minutes after first solution contact, for a 
membrane containing the caesium salt, and valinomycin. This 
plot again shows the high frequency semicircle due to the bulk 
membrane, and the charge-transfer semicircle which has not been 
greatly affected by the inclusion of valinomycin into the 
membrane, but is poorly-defined. The final, steady-state 
spectrum is shown in Fig 6.24b, and the time dependence of the 
membrane impedance is given in Table 6.19. 
6.6.3 Discussion 
Considering first the membranes containing no ionophore, 
the most notable feature of the impedance is that the final 
bulk resistance is appreciably lower than that for the 
corresponding membranes containing K+ and Na+ (i. e. membranes 
with equivalent concentrations of those ions). A comparison of 
the value of Rb for all the membranes containing only salts of 
the BPh 4 ion is given in Table 6.20. 
The fact that Rb is lower for caesium would appear to 
support the theory that the mobility of the cation within the 
membrane is dependent on the charge density on the ion. When 
compared to the value of Rb for the membrane containing KBPh4 
however, it can be seen that the latter exhibits a higher 
resistance than the corresponding Na+- containing membrane. It 
Fig 6.24: Initial (a) and final (b) impedance spectra for a 
PVC/DOS/CsBPh 4 
/valinomycin membrane, measured 
with 0.1 mol dm- 
3 CsCl contacting solutions. 
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Table 6.19: Time Dependence of Impedance for PVC/DOS/CsBPh 
4 
/Valinomycin Membrane With 0.1 mol dm- 
3 
cscl 
Contactinq Solutions 
5 
t/hours R /100 /Hz 
--------- 
b 
--------- 
max 
------------ 
1 1.01 5426 
2 1.02 
3 1.05 
4 1.06 
5 1.08 
6 1.09 
7 1 . 10 
8 1.12 
9 1 . 12 
10 1 . 12 
11 1 . 13 
12 1 . 15 
13 1 . 15 
14 1.15 
15 1.16 
16 1.17 
17 1.17 
18 1.18 7377 
19 1 . 19 11 
20 1.20 if 
21 1.21 
22 1.21 
23 1.22 
24 1.22 
72 1.23 
Table 6.20: Summary of Bulk Resistance Values For PVC Membranes 
With Added BPh4- Salts 
Additive mass% Contacts R init R fin 
b b 
---------- --- ---- ---- ---------- ----- ------ 6 ----- ---- -- 6 
None KC1 2.28 x1O 4.50 x1O 
6 6 
None NaCl 2.56 x1O 5.51 x1O 
-2 5 5 KBPh4 1.1 X10 KC1 3.26 x1O 6.80 x1O 
-2 5 5 KBPh4 5.0 X10 KC1 2.79 x1O 4.17 x1O 
-1 4 5 KBPh4 1.1 X10 KC1 5.70 x1O 1.51 X10 
-1 4 5 KBPh4 4.0 X10 KC1 1.10 X10 1.59 x1O 
5 5 
KBPh4 4 .9 KC1 1.42 x1O 1.73 x1O 
---------- --- ---- ---- 
-2 
---------- ----- ------ 
5 
----- ---- -- 
5 
NaBPh4 1.1 x1O NaCl 1.91 X10 3.84 x1O 
-1 4 5 NaBPh4 1.1 x1O NaCl 6.53 x1O 1.53 xIO 
-2 5 5 CsBPh4 
---------- 
1.1 
--- 
x1O 
---- ---- 
CsCl 
---------- 
1.26 
----- 
x1O 
------ 
2.45 
----- 
x1O 
---- -- 
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only 20mV for a five decade change in K+ concentration in the 
sample solution (although all membranes produced some degree of 
single-ion response with the relevant primary ion, either Na+, 
K+ or Cs+). For membranes containing valinomycin, the 
selectivities were in the range 10 
3_ 10 4 for potassium over 
sodium (as determined by the mixed solution method) and 
calibration curve slopes of near to the theoretical value of 
59.2 mV/decade were found for membranes containing both 
valinomycin and added tetraphenylborate salts. In the absence 
of BPh 4 although linear responses were found, the slopes of 
the primary ion activity versus potential plots were sometimes 
sub-Nernstian, though generally better than 55mV/decade. 
Evidence has been produced by other techniques (6.6-6.11) 
suggesting that the membrane is electroneutral, but that the 
anions present in the membrane bulk are immobile relative to 
the cations. The immobility of the anions could be a result of 
chemical bonding to the membrane support (6.9), poor water 
solubility (6.10), or merely due to a very low anion transport 
number (6.7,6.12). It appears that the improved response found 
for the membranes in sections 6.4 and 6.5 is attributable to 
the presence of the anions within the membrane, rather than the 
concomitant increase in concentration of the primary ion, and 
that the response is improved due to electrostatic repulsion 
between the BPh 4- ions within the membrane and the Cl- ions in 
the solution. 
The relative ionic mobilities for the cation and anion were 
calculated from potentiometric data (with a tenfold difference 
of concentration in the two contacting solutions) for selected 
membranes, as outlined in section 6.3.3, and shown in Table 6.21. 
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The potential difference values measured for the membranes 
containing KBPh 4 are close to those which would be anticipated 
on theoretical grounds for membranes in which the anion is 
immobile with respect to the cation. The membranes containing 
NaBPh 4 produced slightly 
lower potenti al difference values than 
the KBPh 4- containing membranes, indicating that the relative 
mobility of the anions is greater in the membranes containing 
the sodium salt. This may be due to greater penetration of the 
membranes by chloride ions, or due to differing degrees of 
interaction between the cation and the PVC matrix. The cation 
transport number in both cases, is however, close to unity, and 
from these results, it appears that the membranes must depend 
on the presence of anions which are relatively immobile if a 
Nernstian response to K+ is to be expected, as with no added 
salt or valinomycin in the membrane and a tenfold difference in 
K+ concentration, a potential difference of only 92.8 mv is 
produced, indicating a considerable degree of Cl- penetration. 
In the absence of deliberately added tetraphenylborates 
however, it is by no means certain that adventitious immobile 
anions will be present in the PVC matrix, although it seems 
likely that some will be incorporated as impurities into a 
membrane from its components, or otherwise, when it is 
fabricated. This would explain the variable results found for 
membranes containing no added salts. It has been suggested 
(6.11), that the anion arises from carbonyl groups in the 
plasticiser, and this is supported by the data presented in 
Chapter 5. 
For all membranes containing valinomycin, excluding those 
containing CsBPh 41 the bulk resistance and charge-transfer 
resistance were found to be higher when the bathing solutions 
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-3 -3 were 0.1 mol dm NaCl than when they were 0.1 mol dm KC1, 
and with all membranes studied, the impedance spectra were 
found to be time-dependent, showing an increase in bulk 
resistance with time. 
The fact that the bulk resistance of the membranes with 
sodium contacting solutions was higher than with potassium 
chloride solutions would appear to reflect the greater mobility 
of the potassium ions within the membrane compared with that of 
sodium ions, although in the absence of valinomycin this 
discrepancy was not found. The similarity between the bulk 
resistance of the dry membranes reported in Chapter 5 and the 
corresponding membranes in contact with aqueous solutions 
strongly suggests that the membranes as formed have mobile ions 
(presumably mobile cations) present within them although it 
must be emphasised that the 'dry' membranes were as normally 
prepared, i. e. they were prepared in the open atmosphere with 
no special precautions being taken to exclude moisture, and so 
may have taken up water from the atmosphere during fabrication. 
It is apparent from the results reported in sections 6.3 and 
6.4 that membranes prepared without any added salt undergo 
ion-exchange with the aqueous contacting solutions to some 
extent, so that their composition in terms of charged species, 
is time-dependent, and a function of the particular contacting 
solution. 
Exchange currents calculated for the exchange of both 
potassium and sodium ions across the membrane/solution 
interface for membranes containing valinomycin do not reflect 
the selectivity ratio found for the same membranes via 
potential measurements. The results given in section 6.3 show 
that the ratio of charge transfer resistance, R ct 
(Na+)/R 
ct 
(K+), 
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is several orders of magnitude lower than the value of the 
selectivity coefficient (10 
3_ 10 4 ),, and it is therefore 
apparent that the selectivity does not arise wholly at the 
membrane solution interface. If this were the case, the charge 
transfer ratio, which reflects the ease with which the ions can 
enter the membrane, would also be expected to be in the region 
of 1000: 1, so it must be assumed that the selectivity arises, 
in part, from deeper into the membrane than the thickness of 
the electrical double-layer (30 nm). 
It has been suggested (6.13) that significant deviations 
from electroneutrality within the bulk of the membrane occur 
using the assumption that the cation-carrier complex is the 
only charged species present in the membrane interior. In this 
case, potassium ions are complexed by the valinomycin and the 
cation is transported through the membrane in the cavity, of the 
valinomycin which acts as a carrier. This view, also taken by 
others (6.9,6.13,6.14), is strictly applicable only to thin 
liquid membranes, although extended to thicker membranes 
(6.15), and is unlikely to apply to the membranes used in the 
present study, due to the greater thickness (as discussed in 
Chapter 3), and the deliberate incorporation of salts-into the 
matrix. 
In section 6.5, results are given for membranes where the 
initial salt levels in the membranes are such as to swamp the 
effects of any inherent ionic impurities, and the possibility 
of ion-exchange with the initial solutions was also much 
reduced by contacting membranes containing K+, with only KC1 
solutions, and those containing Na+, with only NaCl solutions. 
It is reasonable to assume that under these circumstances, the 
ionic composition of the membranes containing added salts is 
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essentially unchanged during the course of the experiments, as 
when salts are added, the internal concentrations of charged 
species will undergo smaller percentage changes with time. The 
results obtained for these membranes are summarised in Table 
6.22 and 6.23, and on the basis of these results, a mechanism 
for the operation of the PVC membranes can be proposed based on 
the assumption that the bulk of the membrane is electrically 
neutral. 
Table 6.22 shows that addition of salts to the membrane 
results in a bulk resistance appreciably lower than in the 
absence of the additive. It can also be seen that a tenfold 
change in additive concentration does not produce a tenfold 
change in the bulk resistance of the membrane, which would seem 
to indicate that at higher tetraphenylborate concentrations, 
there is association between the anions and cations in the 
membrane. 
From Table 6.23, it is clear that when salts are added to 
the membrane, there is a fast equilibrium between K+ in the 
aqueous phase and K+ in the membrane, both in the presence and 
absence of valinomycin, and that in the absence of valinomycin 
a similar situation exists for sodium ions. 
Using the values in Table 6.22, and assuming that the 
membrane conductivity arises almost exclusively from cation 
conduction, a table of relative ionic mobilities can be 
constructed (Table 6.24). From this table, it is apparent that 
Na+ and K+, in the absence of valinomycin, have comparable 
mobilities and that the presence of valinomycin causes a 
greater reduction in Na+ mobility than K+ mobility. Since it 
seems likely that the valinomycin molecules are immobilised in 
the membrane and that very little free K+ is present when there 
Table 6.22: Summary of Bulk Membrane Resistance Values 
2 
for PVC Membranes (normalised to 1 cm Area) 
KBPh NaBPh Ligand Contacts R ini t/92 R fin/n 
4 4 b b 
/mg /mg /mg 
------- ----------------- ------------------------ 
6 
------------ 
6 
0 00 Stainless 3.45 x1O 3.45 x1O 
Steel 
16 6 
0 0 0 KC1 1.78 x1O 3.51 x1O 
5 5 
0.05 0 0 KC1 2.56 x1O 5.34 x1O 
4 5 
0.50 0 0 KC1 4.47 x1O 1.19 X10 
5 5 
0 0.05 0 NaCl 1.50 x1O 3.00 x1O 
5 5 
0.05 0 4.4 KC1 3.40 x1O 4.87 x1O 
5 6 
0 0.05 
--------- 
4.4 
---- 
NaCl 7.70 x1O 1.20 x1O 
-------- - ------------- 
-3 
------ ------- ------- --- -- 
All solutions 0.1 mol dm 
Table 6.23: Summary of Charge Transfer Resistances for 
2 
PVC Membranes (Normalised to I cm Area) 
KBPh NaBPh Ligand Contacts R init/,, R fin/f2 
4 4 ct ct 
/mg /mg /mg 
----- ------------ ------ ------- ------ ------ --------- ------- -- 
6 
0 0 0 KC1 3.43 x1O 8.35 x1O 
4 4 
0.05 0 0 KC1 3.84 x1O 8.58 x1O 
4 5 
0 0.05 0 NaCl 6.71 x1O 1.23 x1O 
4 4 
0.05 0 4.4 KC1 <3.90 x1O <3.90 x1O 
5 
0 0.05 4.4 NaCl <3.90 x1O <3.90 x1O 
-------- -------- ------- ------------ 
-3 
------ ------- ------ ------ 
All solutions 0.1 mol dm 
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is an excess of valinomycin, it is reasonable to assume that K+ 
ions can exchange rapidly between valinomycin molecules. 
The selectivity of the membranes in the presence of 
valinomycin evidently does not arise from a change in the 
relative mobility of K+ over Na+, since this change is much 
less than the measured selectivity (a ratio of approximately 
2: 1 compared to a selectivity of greater than 1000: 1). The 
selectivity appears to arise because the equilibrium 
concentration of sodium ions in the membrane in equilibrium 
with a sodium chloride solution, is extremely small, due to the 
large increase in the electrostatic potential in the bulk of 
the membrane resulting from the presence of valinomycin (as 
depicted in Fig 6.25). Thus, when no valinomycin is present in 
the membrane, sodium ions in an aqueous solution in contact 
with the PVC matrix will readily undergo ion-exchange with 
potassium ions in the membrane until the Na+ and K+ are both in 
equilibrium across the interface. With valinomycin 
incorporated into ther membran! B how6ver, there will be very 
little ion-exchange between sodium ions in the aqueous 
solutions and potassium ions in the membrane, unless the 
activity ratio of Na+/K+ in the aqueous phase is greater than 
10 3 : 1. 
Fig 6.25: Variation of electrostatic potential with distance 
through a membrane containing valinomycin in contact 
with solutions containing potassium. 
10-2mol d M-3 W 
10-2 mol dM-3 kC 
MQmbrane 
without 
Valinomycin 
Membrane 
with 
Valinomycin 
10-1 mol d M-3 kC1 
10-1 mol dM-3kCl 
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Chapter 7 
PVC Membranes - Alternative Potassium Ligands 
7.1 Introduction 
As discussed in Chapter 3, for several years attempts have 
been made to synthesise compounds which will mimic the 
ion-selective properties of the naturally occurring ionophores. 
The main motivation for this being the difficulties of 
extraction and purification of the natural products, although 
some of these have been synthesised in the laboratory (7.1). 
Since the discovery of the crowns by Pederson in 1971 (7.2), 
many compounds have been produced which exhibit a degree of 
ion-selective behaviour (Chapters 1& 3), and in this chapter 
results of both potential and impedance measurements are 
reported for several of these synthetic alternatives which have 
been reported elsewhere to show potassium selective behaviour. 
7.2 Expected Equivalent Circuits 
Whilst the synthetic ionophores do not show as high a degree 
of ion-selectivity as valinomycin, if it is assumed that the 
basis of their lower level of selectivity is the same as for the 
valinomycin system, then it would be reasonable to expect that 
the impedance behaviour of membranes containing these compounds 
would be similar to that of membranes containing valinomycin. 
The general form of the impedance spectra should be as found 
with all other PVC membranes studied, with a bulk membrane 
semicircle, and a second semicircle at lower frequency 
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representing the interfacial charge-transfer processes, but it 
is less certain to what extent these features will have similar 
characteristics, (i. e. values of Rb, Rct, C9 and C dl)* It is 
likely that any differences in selectivity or other behaviour 
between the synthetic ionophores and their natural counterpart 
will be reflected in their impedance spectra, particularly in 
the lower-frequency region. Impedance measurements may 
therefore yield further information on the criteria necessary 
for an ionophore to exhibit a high degree of selectivity. 
7.3 Dibenzo-18-Crown-6 
As the crowns were the first synthetic ionophores produced, 
and have received a great deal of attention from workers 
worldwide, despite their relatively poor selectivity for alkali 
metal ions, a member of the crowns was included in this study. 
Dibenzo-18-C-6 was selected as a typical crown since it has been 
reported to show a limited degree of selectivity for potassium 
over sodium, particularly from extraction studies (7.3). 
Membranes were cast containing either sodium or potassium 
tetraphenylborate in order to maximise the anion exclusion 
properties of the membrane as with the valinomycin system, and 
using a similar ratio of ionophore to BPh 4- , as previously (i. e. 
approximately 5.0 x1O- 
2 
mg salt/150 mg PVC/300mg plasticiser). 
7.3.1 Potential Response 
The single-ion response of the membranes was determined 
using solutions of the appropriate'cation (either K+ or Na+) as 
previously. The mixed ion response for the membranes containing 
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the potassium salt was determined directly after impedance 
measurements were completed, but as for the previous membranes 
containing the sodium salt, equilibration with potassium was 
necessary before the mixed ion response could be measured. The 
data for the sodium-containing membranes were therefore measured 
after a 24-hour immersion in 0.1 mol dm -3 KC1 solution. 
Figures 7.1a and 7.1b show typical single-ion responses for 
the two membrane formulations. The membrane containing 
potassium tetraphenylborate gives a sub-Nernstian response 
(108mv/decade) over the range 10- 
1- 10-3.5 mol dm- 
3 KC1, and the 
single-ion response for the membrane containing the sodium salt 
is similar with a slope of 107mV/decade over the range 10- 
1 
10- 4 mol dm_ 
3 NaCl. 
The mixed-ion response of the membrane containing KBPh 4 is 
shown in Fig 7.2a, and that for the membrane containing NaBPh 4 
(after conditioning) is shown in Fig 7.2b. The response is 
clearly poor for both membranes, although they show a limited 
response over the first two decades of change in primary ion 
concentration, which flattens out to a constant potential at 
lower K+ concentrations. Values for K K/Na calculated from these 
plots are 4.5 x10-2 for the K+ membrane and 7.6xlO- 
2 for the Na+ 
membrane which are similar to the values of approximately 
7.7 X10 -2 reported in the literature (7.3). 
7.3.2 Impedance Measurements 
The impedance spectra of the membranes in contact with 
either 0.1 mol dm -3 KC1 or NaCl solutions were recorded, and the 
time dependence of the membrane impedance was followed as for 
the valinomycin-containing membranes. 
Fig 7.1: Calibration (K + or Na+ single-ion response) plots for 
(a) PVC/DOS/KBPh 4 
/dibenzo-18-C-6, and (b) PVC/DOS/ 
NaBPh 4 
/dibenzo-18-C-6 membranes, measured with 0.1 mol 
dm_ 3 solution of the relevant cation as reference. 
LU 
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Fig 7.2: Selectivity (K+/Na+ mixed-ion response) plots for 
(a) PVC/DOS/KBPh 4 /dibenzo718-C-6, and (b) PVC/DOS/ 
NaBPh 4 /dibenzo-18-C-6 membranes, measured with a 
0.1 mol dm_ 
3 KC1 solution as reference. 
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Fig 7.3a shows the initial spectrum obtained for the 
membrane with added KBPh 4, approximately ten minutes after first 
conta ct with the aqueous 0.1 mol dm- 
3 KC1 solutions. The 
spectrum shows the bulk membrane semicircle, but little evidence 
of a second feature at lower frequency, Figs 7.3b and 7.3c show 
the spectra recorded one and two hours after the initial run 
from which it is clear that the bulk membrane resistance is 
increasing with time, although there is still no clearly- 
resolved feature at lower frequency. Fig 7.3d shows the final, 
steady-state spectrum recorded for the dibenzo-18-C-6/KBPh 4 
membrane. In this spectrum, run down to low frequency (10mHz), 
there is clear evidence of a second feature, although this is 
not completely resolved into a semicircle. It is difficult to 
achieve complete resolution of such features at very low 
frequencies due to the limitations of using a practical 
integration time, and signal voltage as discussed in previously. 
The spectrum is sufficiently clear however to show that the 
resisitive component of the second feature is in excess of 
2.0 x10 
5 Ohms. The detailed time-dependence of the impedance is 
given in Table 7.1. 
The corresponding series of spectra for the NaBPh 4 
/dibenzo- 
18-C-6 membrane in contact with 0.1 mol dm -3 NaCl solutions are 
shown in Figs 7.4a - 7.4d, and Table 7.2 shows the variation of 
the membrane equivalent circuit parameters with time, measured 
hourly for the first twenty-four hours, and finally after 72 
hours. These spectra show close similarity to those obtained 
for the membranes containing the potassium salt and dibenzo 
crown, with a second feature becoming visible when the spectrum 
was measured down to very low frequency, with a resistive 
component of a similar magnitude to that found for the membrane 
Fig 7.3: (a) Initial impedance spectrum and (b) spectrum 
measured after 1 hour for a PVC/DOS/KBPh 4 
/dibenzo- 
18-C-6 membrane, 
*measured 
with 0.1 mol dm- 
3 KC1 
contacting solutions., 
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Fig 7.3: Impedance spectra for a PVC/DOS/KBPh 4/dibenzo-18-C-6 
membrane, measured after (c) 2 hours and (d) 72 hours 
with 0.1 mol dm- 
3 KC1 contacting solutions. 
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Table 7.1: Time Dependence of Impedance for Membrane 
Containing Dibenzo-18-C-6 and KBPh with 
4 
-3 0.1 mol dm KC1 Contacting Solutions 
5 
t/hours R /100 /Hz 
--------- 
b 
--------- 
1 max 
------------ 
1 5.19 2935 
2 5.37 
3 5.50 
4 5.68 
5 5.89 
6 6.11 
7 6.12 
8 6.28 
9 6.46 If 
10 6.45 11 
11 6.45 If 
12 6.46 it 
13 6.47 it 
14 6.47 it 
15 6.47 
16 6.48 
17 6.48 
18 6.47 
19 6.49 
20 6.48 
21 6.50 
22 6.50 
23 6.51 
24 6.53 
72 6.51 
Fig 7.4: (a) Initial impedance spectrum and (b) spectrum 
measured after 1 hour for a PVC/DOS/NaBPh 4 
/dibenzo- 
3 
18-C-6 membrane, measured with 0.1 mol dm NaCl 
contacting solutions. 
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Fig 7.4: Impedance spectra for a PVC/DOS/KBPh 4 
/dibenzo-18-C-6 
membrane, measured after (c) 2 hours and (d) 72 hours 
with 0.1 mol dm- 
3 
KC1 contacting solutions. 
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Table 7.2: Time Dependence of Impedance for Membrane 
Containinq Dibenzo-18-C-6 and NaBPh with 
4 
-3 0.1 mol dm NaCl Contactinq Solutions 
5 
t/hours /10 9? R co * /Hz 
--------- 
b 
--------- 
1 max 
------------ 
1 3.24 1852 
2 3.25 to 
3 3.39 if 
4 3.26 to 
5 3.32 It 
6 3.33 
7 3.37 
8 3.42 
9 3.44 
10 3.47 
11 3.51 
12 3.56 
13 3.65 
14 3.68 
15 3.66 
16 3.71 
17 3.72 
18 3.76 
19 3.77 
20 3.75 
21 3.77 
22 3.76 
23 3.79 
24 3.81 
72 
--------- 
3.79 
--------- ------------ 
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containing the potassium salt and dibenzo crown. 
I. 
7.3.3 Discussion 
The single-ion response of the membranes is quite poor in 
comparison to the membranes containing valinomycin and the 
corresponding tetraphenylborate salts. It seems that in the 
present case, the transport number for the anion as determined 
from the potential difference measurements (measured with a 
tenfold difference in concentration across the membrane) is much 
higher than that found for the valinomycin membranes, and indeed 
for the membranes containing the salt, but no ionophore. It can 
only be assumed that-the crown is in some way reducing, or 
interfering with the transport of the cation within the 
membrane, resulting in the increased anion transport number. 
The final steady-state impedance spectra measured using a 
four-electrode configuration, down to low frequency (lOmHz) for 
both membranes show clearly a low frequency feature due to the 
interfacial charge-transfer processes, which is more 
well-defined than in the spectra for the corresponding 
valinomycin-containing membranes. The value of Rct which can be 
read from the plots for the membranes containing the crown is of 
the order of 2.0 x105 Ohms. For a membrane containing the 
potassium salt, in the absence of any ionophore, the addition Of 
the BPh 4 appreciably reduces the charge transfer resistance of 
the membrane, to well below this level, and with the inclusion 
of valinomycin in the membrane formulation, Rct remains 
comparitively small. In the present case, however, the addition 
of the dibenzo crown results in an increase of R ct relative 
to 
that found for membranes containing no ligand, specifically for 
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the membrane containing the potassium salt, although this is 
also true to a lesser extent for the membrane containing NaBPh 4* 
The reduction of the rate of interfacial charge transfer 
suggests that some process is occurring which inhibits the 
exchange of ions across the membrane/solution interface and this 
will evidently have an effect on the operation of the membrane 
in an ion-selective electrode. A possible explanation for this 
behaviour is that the crown binds the cation strongly and that 
the associated decomplexation rates are slow, in which case, the 
membrane will be unable to respond to, changes in the solution 
concentration of the primary ion, as the concentration and 
electrochemical potential of the cation in the surface regions 
of the membrane will show little variation. From the potential 
measurements, this would also appear to be the case, as 
evidenced by the relatively large anion transport number. The 
effect of this strong and relatively irreversible complexation 
on the response of the electrode would also be to reduce the 
effective range over which the membrane. ' Although it was 
suggested for membranes containing only valinomycin, that, the 
interfacial processes do not appear directly involved in the 
mechanism of cation selectivity, in this case, it is possible 
that the poor interfacial kinetics indicate that the ionophore 
does not allow a sufficiently fast decomplexation for a good 
electrode response. 
In view of the relatively small selectivity coefficient 
exhibited by the crown, the similarity of the spectra for the 
two types of membrane (with added KBPh4 or NaBPh 4) is not 
surprising. It is interesting however that the values of the 
bulk resistance show dissimilarities. Both types of membrane 
show higher bulk resistances than the corresponding ones with no 
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ionophore, which, as for the valinomycin, appears to indicate 
that the ionophore reduces the mobility of- both primary cation 
and interferent in the membrane. For the dibenzo crown however, 
unlike the valinomycin, the membrane seems to have a more marked 
effect on the K+ than on the Na 
+, which supports the suggestion 
that the ionophore binds more effectively and irreversibly with 
K+ than Na+. 
7.4 2,2,2-Cryptand 
The group of ionophores known as the cryptands differ from 
the crowns in that they have a structure which is basically 
three-dimensional, with a bicyclic configuration, whereas the 
crowns possess a two-dimensional ring structure (at least in the 
uncomplexed form). The structure of the cryptand molecules and 
their complexes with alkali metal cations is discussed in detail 
in Chapter 3. Due to this cage-like structure, these molecules 
should provide better encapsulation of the complexed ion than 
the planar crowns, and give an environment which is more similar 
to that found with valinomycin than is possible with the smaller 
members of the series of crowns. It has been noted (7.4), that 
the three-dimensional structure of the whole series of cryptands 
is illustrated by the comparatively large stability constants of 
their complexes with a number of cations. Typically these 
stability constants are as much as 106 times larger than those 
of the crowns (7.5), and are even larger than those of many of 
the naturally occurring ionophores (e. g. valinomycin). In 
extraction studies, the ready-formed cavity of the cryptand 
requires. comparatively little conformational rearrangement 
(7.6), and permits the optimum degree of replacement of the 
175 
inner co-ordination sphere of solvent molecules around the 
cation, via a multi-step mechanism as described by Lockhart 
(7.6a), although the solvent strongly affects the magnitude of 
the stability constant (7.7). 
Membranes were fabricated containing 2,2,2-cryptand as a 
typical member of the group, which is reported from extraction 
studies to exhibit a high degree of selectivity for potassium. 
The membranes were cast as previously, containing either KBPh 4 
or NaBPh 41 in order to overcome any variation in quantity of 
adventitious negative sites, and hopefully to improve the 
potential response of the fabricated electrode. The selectivity 
with respect to sodium over potassium and the impedance 
behaviour of the membranes was investigated as previously, and 
the time dependence of the impedance was followed over a period 
of three days. 
7.4.1 Potential Response 
Figure 7.5a shows the single ion response as determined for 
a membrane containing 2,2,2-cryptand and KBPh 4* The response is 
clearly very poor, with a slope of 85mV/decade over the 
-1 - -4 concentration range 10 10 . Figure 7.5b shows the mixed 
ion response for the same membrane, determined with a 0.1 mol 
dm- 3 NaCl constant interferent concentration from which it can 
be seen that the membrane exhibits no appreciable selectivity for 
potassium over sodium at all. 
The single-ion and mixed-ion responses are shown for the 
corresponding membrane containing NaBPh 4 in figures 7.6a and 
7.6b. The single-ion response is again very poor, and similar 
to the results for the potassium membrane, the membrane shows 
Fig 7.5: (a) Calibration (K + single-ion response) and (b) 
selectivity (K+/Na+ mixed-ion response) plots for a 
PVC/DOS/2,2,2-cryptand/KBPh4 membrane measured with a 
0.1 mol dm_ 
3 KC1 reference solution. 
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Fig 7.6: (a) Calibration (Na+ single-ion response) and (b) 
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almost no selectivity for potassium over sodium, after the 
necessary conditioning period. 
7.4.2 Impedance Measurements 
The impedance behaviour of the two types of membrane was 
studied as described previously. Fig 7.7a shows the initial 
impedance spectrum for the membrane containing 2,2,2-cryptand 
and KBPh 4 measured immediately after first contact on both 
sides with 0.1 mol dm_ 
3 KC1 solutions. The spectrum shows the 
familiar bulk semicircle, with Rb27 x1O 
5 
and C9=1.0 
X10-10 F. The spectrum also shows the presence of low 
frequency features, which are not fully resolved at the mimimum 
frequency used for time-dependence runs. 
Fig 7.7b shows the spectrum taken one hour after that shown 
in Fig 7.7a, and Fig 7.7c shows the spectrum taken after two 
hours. The final steady-state spectrum taken after three days 
is shown in Fig 7.7d. It is evident that the bulk resistance 
undergoes an increase with time, a fact which is consistent 
with the results obtained for the other PVC membranes studied. 
Table 7.3 shows the variation of the equivalent circuit 
parameters with time over the first twenty-four hours, and the 
final, steady state value measured after three days. 
Figure 7.8a shows the spectrum recorded approximately ten 
minutes after first solution contact for the membrane 
containing 2,2,2-cryptand and NaBPh 4 The spectrum shows the 
bulk membrane feature as found previously, with approximate 
parameters Rb=3.0 x10 
5 Ohm and a capacitance of 2.1 x10- 
10 F. 
Figs 7.8b and 7.8c show the spectra for the same membrane 
measured one and two hours respectively after that shown in 
Fig 7.7: (a) Initial impedance spectrum and (b) spectrum 
measured after 1 hour for a PVC/DOS/KBPh4 /2,2,2- 
cryptand membrane, measured with 0.1 mol dm- 
3 KC1 
contacting solutions. 
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Fig 7.7: Impedance spectra for a PVC/DOS/KBPh 4 /2,2,2-cryptand 
membrane, measured after (c) 2 hours and (d) 72 hours 
with 0.1 mol dm- 
3 KC1 contacting solutions. 
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Table 7.3: Time Dependence of Impedance for Membrane 
Containing 2,2,2-Cryptand and KBPh with 
14 
-3 0.1 mol dm KC1 Contacting Solutions 
5 
t/hours /10 Q R 1, * /Hz b max 1 
--------- --------- ------------ 34 
1 2.67 10 -10 
2 2.87 If 
3 3.04 
4 3.19 
5 3.44 
6 3.68 
7 3.77 
8 4.04 
9 4.18 
10 4.40 
11 4.84 
12 4.93 
13 5.11 
14 5.20 
15 5.27 
16 5.48 
17 5.43 
18 5.43 
19 5.62 If 
20 5.83 
21 5.84 
22 5.90 If 
23 5.92 
24 5.92 
72 5.91 
Fig 7.8: (a) Initial impedance spectrum and (b) spectrum 
measured after 1 hour for a PVC/DOS/NaBPh4 /2,2,2- 
cryptand membrane, measured with 0.1 mol, dm- 
3 NaCl 
contacting solutions. 
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Fig 7.8: Impedance spectra for a PVC/DOS/NaBPh 4 
/2,2,2-cryptand 
membrane, measured after (c) 2 hours and (d) 72 hours 
with 0.1 mol dm- 
3 
NaCl contacting solutions. 
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Table 7.4: Time Dependence of the Impedance of a Membrane 
Containing 2,2,2-Cryptand and NaBPh with 0.1 mol 
4 
-3 dm NaCl Contactinq Solutions 
5 
t/hours R /10 0 C, * /Hz 
--------- 
b 
---------- 
1 max 
------------- 
1 4.32 2519 
2 4.40 1589 
3 4.63 1852 
4 5.00 1589 
5 5.21 
6 5.83 
7 6.07 
8 6.56 1362 
9 6.63 
10 6.68 
11 6.71 1169 
12 7.30 1362 
13 7.45 1169 
14 7.54 
15 7.68 
16 7.78 
17 7.89 
18 8.05 
19 8.30 
20 8.86 
21 8.96 
22 9.26 
23 9.16 
24 9.26 
72 9.21 
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Fig7.8a, and Fig 7.8d shows the final steady-state spectrum 
recorded after three days. The time dependence of the membrane 
impedance is given in Table 7.4. 
7.4.3 Discussion 
From the above results, it is apparent that there are 
several differences between the membranes containing 
2,2,2-cryptand and the corresponding membranes containing 
valinomycin. The most obvious difference is the fact that, 
even with the presence of the added salt, the membrane in 
contact with KC1 solutions still shows a relatively high charge 
transfer resistance, as with the dibenzo crown. For the 
corresponding membrane containing valinomycin, the addition of 
the salt results in a much lower value for R ct' similar 
to, that 
found in the absence of the ionophore. From these facts, it 
must be concluded that the cryptand is affecting the exchange 
of ions across the interface in a way quite dissimilar from the 
manner in which it is affected by valinomycin, but apparently 
similar to the effect of the crown. It has been suggested 
elsewhere (7.8) that the controlling factor in the stability of 
alkali metal cryptates is the dissociation rate of the complex, 
and that very strong binding is evidenced by slow 
decomplexation rates. As for the dibenzo crown, whilst 
resulting in an apparently high degree of selectivity as 
determined by extraction studies, the slow decomplexation would 
permit ion-exchange processes to occur only slowly. The 
inhibition of SUCh exchange processes would again result in a 
correspondingly poor response for an ion-5elective electrode 
fabricated using these ionophores. From the impedance spectra, 
" 
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and potentiometric data presented above, it appears that this is 
the case, and that whilst the K+ complex of the 2,2,2-cryptand 
has a much larger stability constant than the Na+ complex 
(7.7a), it has proven to be a less efficient carrier in membrane 
systems than valinomycin. In work on simple liquid model 
membranes (7.6a), it has been found that approximately four 
times as much sodium as potassium is actually transported 
through the membrane, reflecting the slower dissociation process 
(7.7b). As found with the membranes containing dibenzo-18-C-6, 
the effect of this is manifested in the low exchange current. 
The potential difference data recorded also show a 
similarity with those for the crown, in that the anion transport 
number is again apparently very high compared to that for 
membranes containing valinomycin, and the same interpretation 
can be applied here. That is that the ligand binds the cation 
sufficiently strongly to inhibit its participation in ion 
exchange under normal circumstances and results in a very poor 
response. 
There are also other differences-between the impedance 
spectra obtained for these membranes and those discussed in 
earlier chapters. For the membrane containing sodium tetra- 
phenylborate, a second feature at intermediate frequencies is 
present, which can be interpreted as representing a second bulk 
membrane phase. The reason why a membrane containing the 
cryptand should produce a second distinct phase with a time 
constant sufficiently removed from that of the main phase, when 
previous membranes did not, is not clear. Nor is it obvious why 
the membrane does not show this intermediate frequency feature 
when it contains the potassium salt, in contact with potassium 
solutions. It is possible though, that the cryptand promotes 
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the precipitation of the sodium salt within the membrane, 
although the bulk resistance is again similar to that found in 
the absence of the ionophore, but with a similar level of the 
added salt. 
A further difference is that for the membranes containing 
the cryptand, the relative values for the bulk resistance are 
similar to those found with membranes containing valinomycin, in 
that the membrane containing the K+ salt shows a lower bulk 
resistance than the one containing NaBPh 41 in contrast to the 
results found for the crown, where the opposite was true. To 
interpret this data as previously, implies that despite the more 
effective binding between K+ and the cryptand, the process of 
transport of charged species within the membrane bulk, is more 
facile with the K+ salt. It must be concluded from this that a, 
carrier mechanism operates whereby the cation/ionophore complex 
is relatively mobile within the membrane, although this is in 
contrast to the findings from liquid membrane studies (7.8) 
where sodium transport was found to be more effective as a 
result of the slow K+-cryptand decomplexation. These results 
give further evidence to suggest that the liquid and PVC 
membranes cannot necessarily be treated as merely different 
forms of the same system. 
From the results for the cryptand, it would seem that whilst 
being an effective chelating agent for potassium, due to the 
kinetics of the ion-binding and decomplexation process, it is 
unlikely to be of any utility in ISE systems in its present form 
(without alteration to the structure), although preliminary work 
(7.9), has shown that certain anions can catalyse the 
dissociation of some cryptands (acid catalysis has also been 
identified (7.6a)), and it is possible that this might afford a 
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route to improve the response of ISEs incorporating these 
compounds. 
7.5 COD-1: A New Type Of Potassium Ionophore 
in the search for new ionophores with improved selectivity 
compared to that of the simpler crowns and related compounds, 
many different approaches have been adopted, focussing both on 
cyclic and acyclic molecules. In the closing stages of this 
project, samples of a new ionophore became available, named 
COD-I. This molecule has a macrocyclic structure, differing 
from previous ionophores in that the ring contains two 
6-membered carbon rings in the main ring structure, and also a 
sulphur group. The structure of the molecule is as shown in Fig 
7.9. 
Little work has been carried out with this molecule other 
than its characterisation, and at the date of writing, no work 
has been published concerning its ion-selective properties. In 
view of the lack of data concerning this ionophore, the same 
procedure was followed as used in the work with valinomycin, the 
dibenzo crown and the cryptand. Membranes were therefore cast 
containing the potassium salt of the tetraphenylborate ion, at a 
similar concentration to that used for previous membranes, and 
the selectivity, single-ion response and impedance behaviour of 
the membrane were investigated. The results of this work are 
presented below. 
7.5.1 Potential Measurements 
Figure 7.10a shows the single ion reponse of the COD-I 
Fig 7.9: schematic representation of the structure of 
the 
COD-I molecule. 
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Fig 7.10: (a) Calibration (K'** single-ion response) and (b) 
selectivity (K+/Na+ mixed-ion response) plots for a 
PVC/DOS/COD-I/KBPh4 membrane measured with a 
-3 0.1 mol dm KC1 reference solution. 
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membrane in contact with KC1 solutions. The plot has a slope 
of 114nw/decadej which is much closer to that found for the 
valinomycin-containing membranes than found for the crown and 
cryptand. The response is near Nernstian, particularly at 
higher potassium ion concentrations. The mixed-ion response, 
determined with a constant 0.1 mol dm_ 
3 NaCl background 
concentration, is shown graphically in Fig 7.10b. 
This response shows that the ionophore does not yield a 
membrane which is highly selective for potassium over a large 
concentration range, although there is a limited response over 
the range 10- 
1- 10- 3 mol dm_ 
3K+ 
concentration. The slope of 
the plot is far from Nernstian, however, the best slope being 
that of 47 mV between 10- 
1 
and 10-2 mol dm_ 
3 
potassium. 
7.5.2 Tmpedance Measurements 
Figure 7.11a shows the impedance spectrum of the 
COD-I-containing membrane immediately after first solution 
contact. The bulk semicircle found for previous membranes is 
clearly visible at high frequencies, as is a second lower- 
frequency feature, which is distorted in this plot due to a 
change in current-measuring resistor. Figs 7.11b and 7.11c 
show the spectra measured one and two hours respectively after 
first solution contact. These spectra show similar features to 
those found in the initial run, and it can be seen that the 
bulk resistance undergoes an increase with time. The detailed 
variation of the bulk membrane equivalent circuit parameters 
with time is given in Table 7.5, and the final spectrum 
recorded after 72 hours, is shown in Fig 7.11d, in which the 
low frequency region of the spectrum is fully resolved. 
Fig 7.11: (a) Initial impedance spectrum and (b) spectrum 
measured after 1 hour for a PVC/DOS/COD-I/KBPh 4 
membrane, measured with 0.1 mol dm-3 KC1 
contacting solutions. 
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Fig 7.11: Impedance spectra for a PVC/DOS/COD-I/KBPh 4 
membrane, measured after (c) 2 hours and (d) 72 hours 
with 0.1 mol dm- 
3 KC1 contacting solutions. 
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Table 7.5: Time Dependence of Impedance for Membrane 
-3 Containinq COD-I and KBPh with 0.1 mol dm 
4 
KC1 Contacting Solutions 
5 
t/hours /100 R /Hz 
--------- 
b 
--------- 
max 
------------ 
1 0.97 4656 
2 1.11 3991 
3 11.2 
4 11.6 
5 11.9 
6 12.1 4656 
7 12.2 3991 
8 12.4 If 
9 12.9 
10 13.0 
11 13.3 
12 13.3 4656 
13 13.5 3991 
14 13.5 it 
15 13.7 if 
16 13.8 If 
17 14.6- 11 
18 15.0 it 
19 15.0 
20 15.1 
21 15.3 If 
22 15.3 
23 15.4 
24 15.6 
72 15.6 
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7.5.3 Discussion 
The potentiometric data for the COD-I membrane show clearly 
that the ionophore does not produce a membrane with ion- 
selective properties comparable to those achieved with 
valinomycin-containing membranes. The response is, however, 
much closer to that found for valinomycin membranes than any of 
the other ligands investigated. 
The impedance spectra for the membrane show no evidence of 
the large charge-transfer resistance seen in the spectra for 
the dibenzo crown and the cryptand, and to this extent, the 
COD-I appears similar to valinomycin. The spectra are 
different, however, in that they show a much larger bulk 
resistance than found for any of the other ionophores in a 
membrane containing KBPh 4* It must be concluded that despite 
more facile charge-transfer kinetics, the mobility of the 
cation/carrier complex is less than for the other ionophores 
studied, although the potentiometric data suggest that the 
relative mobility of the cationic species is greater than for 
the anion. 
On the basis of these results, it appears that the COD-I is 
capable of selectively complexing the potassium ion within the 
membrane, even in the presence of sodium, and does so in a way 
similar to valinomycin. The molecule evidently does not show a 
high a degree of selectivity as the natural ionophore but it is 
possible that this type of molecule could yield a more 
effective ligand, with variation of some of the constituent 
groups whilst retaining the, basic structure as has been 
achieved for other synthetic ligands. 
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7.6 Conclusions 
The problem of finding new ionophores for determining 
potassium in the presence of sodium has proved a more 
intractable problem than synthesising ionophores selective to 
other ions, particularly calcium, where several successes have 
been achieved, although despite the apparent lack of success, 
a great deal of information has been collected concerning the 
desirable properties for a functional ionophore, and the 
results reported here can be used to further this knowledge. 
From the potentiometric data presented above, it is 
apparent that none of the synthetic ionophores studied can be 
said to of f er performance (as -j udged by mixed ion response) 
equivalent to that of the natural material valinomycin, and 
this has been noted in previous studies, but the impedance 
data reported here, can throw new light on some aspects of the 
behaviour of the ionophores in the environment of the PVC 
matrix. 
The lack of selectivity found for the dibenzo crown by 
potentiometric means is illustrated in the impedance spectra 
of the compounds, where it can be seen that there is little 
difference between the spectra obtained from membranes 
containing sodium and those containing potassium, and in 
contrast to the results for valinomycin, there appears to be 
almost no degree of selectivity occurring at the membrane 
/solution interface. The cryptand shows results similar to 
those found for the crown, and also shows some evidence of a 
more complex bulk membrane phase, whilst the new ligand, 
COD-I, shows a single-ion response comparable to that found 
for membranes containing valinomycin, but shows only a 
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limited mixed ion response. The response is, however, a marked 
improvement on that found for the crown or cryptand and it is 
possible that this type of ligand offers a new direction for 
the design of synthetic ligands. 
The most interesting feature of the impedance spectra for 
these membranes is the relative values for the bulk membrane 
resistance, which do not show simple trends which can easily be 
related to the operation of the ionophore in an ISE. For the 
cryptand, which exhibits poor interfacial kinetics, the value 
of Rb is similar to that found for the corresponding membrane 
containing valinomycin, whilst the COD-I, which shows 
relatively rapid interfacial charge-transfer processes Rb is 
much higher. It would seem from these data that the 
interaction between the PVC matrix and the species in the 
membrane is complex, and that the process of charge transport 
within the membrane is not simply related to the interfacial 
processes as might otherwise be supposed. 
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Chapter 8 
Summary and Conclusions 
A study of various ion-selective electrode membranes has 
been successfully carried out, utilising ac impedance 
measurements. Both liquid and PVC matrix membranes containing 
valinomycin were studied, and several other ligands have also 
been investigated in PVC membranes. To achieve the highest 
possible quality of impedance data whilst preserving the 
essential features of the. normal operating conditions of the 
membrane, a new cell for the study of PVC membranes was 
perfected. This'cell was found to function well for both 
impedance and potentiometric measurements and provides a useful 
alternative housing to the more usual glass tube employed with 
PVC membranes, although to be fully practical in general work, 
a different reference electrode would be required for the 
sample chamber. 
The use of four electrode impedance measurements on 
ion-selective electrodes has not been reported elsewhere, and 
this approach, coupled with high-quality measuring equipment, 
allowing a large range of frequencies to be covered, has 
yielded data for both the liquid and PVC membranes of a quality 
only previously found for solid-state electrodes. The 
employment of a computer controlled system also allowed a much 
greater degree of flexibility and detail of measurement than 
previously possible. 
The measurements on liquid membranes containing valinomycin 
as the ionophore, carried out with both sodium and potassium 
contacting solutions, and using Millipore filters as the 
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membrane support, allow a clear picture of the operation of the 
electrode membrane to be deduced. It is apparent that the 
selectivity of the membranes in this situation depends entirely 
on the exclusion of interferents and counter ions from the 
membrane. In the absence of the ionophore, the membranes show 
very little permeability for either potassium or sodium, as 
measured by the exchange current determined from the impedance 
spectra. When valinomycin is added to the membrane, the 
exchange current for potassium is greatly increased, whilst 
that for sodium is essentially unchanged, the valinomycin 
acting to preferentially solvate the potassium in the membrane 
phase. These membranes, produced with an untreated Millipore 
filter as the support material, were found not to have ideal 
anion exclusion properties, as evidenced by the sub-Nernstian 
calibration curve slopes for all such membranes. Using the 
commercially-produced Orion potassium membrane support yielded 
electrodes with greatly improved slopes although the impedance 
spectra of such electrodes showed a more complicated structure, 
giving support to the suggestion. that. the Orion membranes are 
pre-treated with either the ionophore or some other material, 
added specifically to improve anion exclusion. This is 
supported further by the data for membranes treated with sodium 
tetraphenylborate, which gave electrodes with greatly improved 
slopes, and also impedance spectra showing evidence of a second 
bulk membrane phase similar to that found with membranes 
I utilising 
the Orion K+ support. From these findings, it does 
seem likely that the Orion treatment involves some material 
similar to the tetraphenylborate salt. 
second interesting aspect of the liquid membrane 
electrodes, is that the surface area. of the membrane could not 
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be increased from the size used in the Orion series 92 body 
without loss of electrode function. This is of relevance to 
the further use of impedance measurements, where it would be 
preferable to increase the membrane area to reduce the 
resistive component of the impedance. 
In view of the close correlation between the ratio of 
exchange currents for different ions and their selectivity 
coefficients found for the liquid membranes, it would be 
practical to use the impedance technique as a method for 
determining the effectiveness of a given ionophore as a 
membrane-active agent. Although this method obviously requires 
sophisticated apparatus, a very well-defined measure of 
electrode performance can be achieved. It is also possible to 
assess whether or not a membrane is damaged, from the magnitude 
of its bulk resistance, which is substantially lowered if the 
membrane support is cracked, or leakage of the membrane 
solution occurs permitting- direct contact of internal and 
external solutions. In this respect, the impedance technique 
presents a reliable and relatively quick method to check 
assembled electrodes for correct functioning. 
It would be of interest to broaden the scope of the work on 
liquid membranes to cover other electrode systems, and also to 
investigate fully the effect of possible interferents on the 
valinomycin membrane having fully characterised the system in 
terms of the major interferent, sodium. 
For the PVC membranes, which in recent years have become 
the preferred form for valinomycin electrodes, a considerably 
more complicated situation appears to exist. Whilst a limited 
correlation between the ratio of charge transfer resistance for 
primary and interferent ions, and the selectivity coefficient 
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is apparent, from the impedance measurements, it is clear that 
this is not sufficiently large to fully explain the 
cation-selectivity of the membrane. The basis of the 
selectivity appears to be the increase in effective primary ion 
concentration within the membrane, which is raised f ar higher 
in the presence of the ionophore than is the interferent ion 
concentration. Although the vast majority of the primary ion 
thus incorporated into the membrane bulk is complexed by the 
ionophore, the effect is that of a comparatively large bulk 
concentration of K+, whilst the sodium concentration is limited 
by the exchange with free cations present in the matrix. 
The data for the PVC membranes were found to be complýated 
by the apparent presence of a relatively high level of 
charge-carrying species within the matrix, seen in the absence 
of any additives other than the ionophore. The origin of these 
adventitious ionic species is not fully resolved, as, from the 
data given in Chapter 5, the plasticiser and PVC both appear to 
be possible sources. It also seems from the' impedance 
measurements, that the valinomycin may itself'provide some 
ionic impurities. The incorporation of salts of a large anion 
into the membrane matrix swamps the level of inherent charge 
carriers and permits a high degree of control over the 
interfacial charge transfer rate, without disrupting the 
ion-selective behaviour of the membrane, indicating further 
that the basis of selectivity in the PVC membrane can not be a 
simple exclusion process occurring at the membrane/solution 
interface as found with the liquid membranes. The addition of 
such salts also appears to aid the anion exclusion properties 
of the membrane, producing membranes which have slopes closer 
to the 59.2mV/ decade predicted by the Nernst equation. it 
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seems that in the absence of such additives the inherent ionic 
species provide the neccesary source of balancing charge for 
the cation/ionophore complex. 
The results presented in Chapter 7 cover the extension of 
the work on PVC membranes to include several other ionophores, 
selected to be representative of their class of compounds. In 
agreement with earlier work, none of the materials studied 
produced membranes with selectivity coefficients comparable to 
those found for valinomycin, but the lack of selectivity can be 
interpreted from the impedance spectra and potentiometric data 
obtained. For the dibenzo-18-crown-6 membrane, the spectra 
reveal very little difference between the situation where the 
membrane is exposed to sodium and where it is exposed to 
potassium. In both-cases, large charge transfer resistances 
are found, suggesting slow interfacial kinetics, compared to 
the valinomycin membrane. It seems that in this case, the 
ionophore behaves in a similar manner to both primary ion and 
interferent, and no selectivity results. This appears to be 
connected to the slow decomplexation of the cation by the 
ligand within the membrane. From the potential difference 
measurements, it seems that the cation transport number is 
greatly reduced by the presence of the ligand. 
Very similar results were obtained for the membranes 
containing 2,2,2-cryptand, and these two types of ligand, 
whilst possessing quite different structures, appear to behave 
in many respects, in a similar manner within the membrane, as 
far as is evidenced by their electrical properties. 
The results for the new ligand, COD-I, based on a sulphur 
containing macrocycler suggest that this ionophore behaves in a 
way more similar to the behaviour of the valinomycin in a PVC 
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membrane than the more familiar types of ionophore, as 
exemplified by the crown and cryptand. From the data f or these 
potassium ionophores, one aspect of their operation in a PVC 
membrane is not fully resolved. For the valinomycin, the bulk 
resistance measurements apear to be fully self -consistent'? with 
potassium being more mobile within the membrane than sodium, in 
the presence of the ionophore. For the dibenzo-crown and 
cryptand however, this does not seem to be the case, whilst the 
data for the COD-I appear to agree with those for valinomycin, 
but are of a higher order of magnitude. There does not appear 
to be a direct correlation between the effectiveness of the 
ligand as an ion-selective agbnt-in a membrane, and the 
mobility of specie's within the membrane phase, and it would be 
interesting to investigate this aspect of the PVC membranes 
further. 
The impedance method has been shown to be a useful 
technique for gaining further insight into the mechanism and 
details of operation of ion-selective membranes, both as liquid 
and PVC membranes. Further work with new ionophores, and 
extending the present work to cover the systems studied in more 
detail, is warranted with a view to the insight into the 
membrane mechanism which the technique allows. A more detailed 
study of the relationship between the concentration of negative 
sites and the ionophore within the membrane may yield useful 
information about the interaction between the ionophore and the 
pvC matrix. A point must be reached, where the concentration 
of the cation in the membrane exceeds the concentration of the 
available ionophore molecules, and at this point, a clear 
change in the impedance spectra should become visible. 
An extention of the work to cover other ligands would also 
191 
be of interest, to investigate to what extent the impedance 
behaviour of the valinomycin in both liquid and PVC matrix 
membranes is mimicked by ionophores selective for ions other 
than potassium. 
i 
Appendix A 
System Software - The Impedance Data Control System (C) 
Program Descriptions 
1. START-UP 
This is the main program in the package. The majority of the 
program is concerned with selecting values for the FRA front 
panel controls all of which are set using START-UP. These 
parameters include the maximum and minimum freqencies for the 
run, number of points per decade change in frequency, and the 
output voltage to be used. 
The operator is given the option of adding to a previously 
collected set of data by loading into the data array prior to the 
run, the new data then following it in the array. If this option 
is selected, old data files can be reviewed before loading to 
find the desired one. Another option available is to set-up the 
new run using the same parameters (but not the data) from a 
previous run. 
The operator is prompted at the beginning of the program for 
a variety of experimental details, including temperature, 
electrode area, electrode materials and solution compositions. 
All this information is saved at the end of the run in the 
description file. 
2. DCOLLECT 
This programme controls the FRA, setting all pre-selected 
parameters and collecting (and displaying) the data. The system 
was designed to run unattended for long periods, so the 
interaction between the operator and the computer is mimimal 
during data collection. The only point at which input via the 
computer is necessary is when the comparison resistance (CMR) is 
changed. This is achieved by pressing the 'HOLD' button on the 
FRA. At the end of the current measurement, the computer will 
detect that 'HOLD' has been pressed and prompt for the new CMR 
value. Alternatively at this point the operator has the option 
of terminating the run. 
The program runs with FRA in local mode with all front panel 
controls active as discussed above. This means that parameters 
such as the integration time and measurement delay can be altered 
whilst the run is in progress without needing to interrupt the 
run via the computer. This does not alter the preset values as 
stored in the computer however, and subsequent runs in a multiple 
run will use the preset values. When a multiple run has been 
pre-programmed, a machine-code timing routine is called after 
each individual run, giving the delay selected. Any delay length 
can be programmed from one second upwards. During the delay 
loop, the monitor screen shows the name of the operator, the 
number of the next run and the length of the delay being 
executed. During a multiple run data are saved after each 
individual run for maximum data security. 
3. LN--ALYSIS 1 
, 
This program is for routine analysis of data collected using 
DCOLLECT. The data can be plotted, and re-plotted changing the 
axis scales if required, until the user is satisfied with the 
plot after which the plot can be output to a dot-matrix printer 
or graphics plotter. 
a numeric listing if 
in the description f 
the same set of axes 
per plot. Af ter the 
back to START-UP, or 
ANALYSIS 2. 
4. ANALYSIS 2 
The data can be dumped onto the printer as 
required, along with all details contained 
ile. Several data files can be plotted on 
for comparisons, up to a limit of ten files 
analysis is complete, control can be passed 
further analysis can be carried out using 
This program allows further processing of data after it has 
been plotted using ANALYSIS 1. Data points can be deleted from 
the plot and sections of the plot can be expanded. Linear least 
squares regression can be carried out over a selected portion of 
the plot. As with ANALYSIS 1, plot can be output to the printer 
or plotter. 
5. HPPLOTTER 
This program allows any plot from ANALYSIS 1 or ANALYSIS 2 to 
be plotted on the HP 7225A graphics plotter. All axis scales and 
labels are defined in the relevant analysis program and are 
passed to HPPLOTTER to reproduce the plot. The program is loaded 
and run by the analysis programs, and the relevant program is 
re-loaded and run when plotting is completed, with all variables 
preserved. 
6. BSHAPE 
All the machine code routines used by the programs above are 
iv 
contained in BSHAPE, in addition to the shape table required by 
the computer for displaying graphics. Once loaded, BSHAPE 
remains resident in memory and is unaffected by the presence or 
absence of the BASIC programs. It is therefore loaded 
automatically when the computer is powered up and can be used by 
the BASIC programs as required. The various routines included in 
BSHAPE are listed below. 
i. Shape table. 
ii. Data loading/saving routines. 
iii. Catalog/file selection routine. 
iv. Print formatting routine (used for formatting output both 
on-screen and for the printer). This enables the output to be of 
a standard format on any printer, as no routines in the printer 
interface or printer itself are utilised. 
v. Chain function for loading and running other programs 
direct. 
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Appendix B 
Derivation of the Total ac Impedance of a Parallel 
Network Containing a Warburq Impedance. 
For the parallel network, zc 
the total circuit impedance can be derived as follows. 
1=1 
zz 
1+r1 
1 /jtoc LR 
+ orto- 
1 /2 
_j ato- 
1/21 
coc 
+1 
R+ aco- 
1/2 j u0j- 
1 /2] 
YFi--2R ++ 
-R 
-1, -j 
zy 
R+ 1/2 1/2 
juCR + jw 
1/2ý 
a+ awl 
/2C 
+1 
Multiplying both numerator and'denominator by the complex 
conjugate of the denominator leaves terms containing j only in 
the numerator. 
1/2 1/2 
i. e. multipling by (1 + uca C- juCR - jw Cu) gives, 
Numerator: 
R+ aw 
1/2 CR - jtoCR 
2_ juW 1/2 CR + a-w- 
1/2 
+u2C 
1/2 2 -1/2 .2 1/2 2 -j or to CR - ju C- jaw -3aC- orw CR - or C 
Denominator: 
jwCR +j 
3/2 
+ 
2C2 2+u 3/2C2 1/2 
C uw 
ARWR+ 
3uw 
ju 2 WC 
2+ 
uw 
3/2 C2Ru2 (0 C2+ uwl 
/2 
C+u2 WC 
2 
3/2 222 1/2 1/2 
- juw CR-ja WC +1+ uw C- jwCR -j uü) C 
Zr zw 
Collecting like terms and cancelling, this becomes; 
2 1/2 - 1/2 2- 1/2 R- jwCR 2i uw CR + uw 2ju C- juw 
w2C2 R2+2 uü) 
3/2 C2R+ 2u 2 WC 
2+2 
a(Ä) 
1/2 C+1 
Thus, 
- 1/2 2 -1/2 2 -1/2ý ZR+ uw i (wCR + 2uü) CR +2uC+ uw 
1/2 22 3/2 2222 1+ 2uw C+2u wC +2 uto CR+ co CR 
= uü)- 
1/2 
_j (WC( ,R+ uw -1/2 )2+u2C+ uw- 
1/2 ) 
w2C2 (R + uCO- 
1/2 )2+u2 toc 
2+ 2uw 1/2 C+1 
- 1/2 _ -1/2 
2 
u,; 71/2(l + aco 
1/2C 
uw jF(wC (R + uw +w 
22- 1/2 2 1/2 2 
wC (R + uw + (1 + Uto C) 
Therefore, 
ZI =- R+u &T 
1/2 
22- 1/2 2 1/2 2 C (R + aco + (1 + aw C) 
and 
j (caC (R + uw -1/2 )2+s2C(1+a to; - 
1/2 c 
22- 1/2 2 1/2 2 
ca C (R + aw +(1+ u4w c) 
Table of Symbols 
(aq) - denotes aqueous medium 
a1- activity of species i 
A- area 
C- Various capacitances (see below) 
C dl - double layer capacitance 
C9- geometric capacitance 
c1- concentration of species i 
Cp- parallel capacitance 
Cs- series capacitance 
CW - psuedo capacitance due to charge separation from 
ions moving at difference velocities 
e- sinusoidal voltage 
E- various voltages or potential differences 
E- magnitude of voltage vector 
E- voltage phasor 
Eb- total interfacial (boundary) potential 
Ec- voltage drop across a capacitance 
Ed- diffusion potential 
E3- junction potential 
Em- total membrane potential 
E0- standard potential of cell 
E0- standard electrode potential 
Er- voltage drop across a resistance 
Er- reference electrode potential 
E 
cell - 
total cell potential 
f- frequency 
F- Faraday constant 
i- current 
i, j - subscripts denoting primary (i) 
and interferent (j) species 
Table of Symbols (continued) 
Ir- current through a resistance 
Ic- current through a capacitance 
I- current phasor 
I- magnitude of current vector 
root minus one 
11- total flux density for species i 
k. - distribution coefficient I 
kI- forward rate constant for species i 
k1- backward rate constant for species i 
Kij - selectivity coefficient 
K.. Pot - potentiometric'selectivity coefficient 13 
length or thickness 
denotes membrane phase 
p- asymmetry factor (alpha) 
R- resistance 
gas constant 
Rb bulk membrane resistance 
Rb init initial bulk resistance 
Rb fin final bulk resistance 
R 
ct charge 
transfer resistance 
R 
ct 
init initial charge transfer resistance 
R 
ct 
fin final charge transfer resistance 
RP- parallel resistance 
Rs- series resistance 
R- solution resistance s 
Rw - resistive component of Warburg impedance 
Nernst factor (RT/F)lnlO 
t- time 
temperature 
. 'rAabb- 
Table of Symbols (continued) 
Uilu relative mobility of species i and 
umux- mobility of specibs m, or x 
vI- flow velocity for species i 
zi- charge on ion i 
Z- impedance vector 
Zr- impedance of a resistance 
Zc- impedance of a capacitance 
real component of impedance vector 
imaginary component of impedance vector 
w- angular frequency 
wmax - angular frequency of semicircle maximum 
0- potential difference 
chemical potential of species i 
electrochemical potential of special Pi 
Ao - standard chemical potential of species I 
capacitive reactance 
